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Abstract 

We build models where Dark Matter candidates arise as composite 
states of a new confining gauge force, stable thanks to accidental sym¬ 
metries. Restricting to renormalizable theories compatible with SU(5) 
unihcation, we hnd 13 models based on SU(A) gauge theories and 9 
based on SO (A). We also describe other models that require non- 
renormalizable interactions. The two gauge groups lead to distinctive 
phenomenologies: SU(A) theories give complex DM, with potentially 
observable electric and magnetic dipole moments that lead to pecu¬ 
liar spin-independent cross sections; SO (A) theories give real DM, 
with challenging spin-dependent cross sections or inelastic scatterings. 
Models with Yukawa couplings also give rise to spin-independent di¬ 
rect detection mediated by the Higgs boson and to electric dipole 
moments for the electron. In some models DM has higher spin. Each 
model predicts a specihc set of lighter composite scalars, possibly ob¬ 
servable at colliders. 
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1 Introduction 

A striking snccess of the Standard Model is that all observed global symmetries are nnderstood 
as accidental symmetries of the renormalizable Lagrangian. This explains in particular the 
stability of the proton as a consequence of baryon number conservation. 

In nature, besides the proton, at least another particle should be stable to provide the 
necessary Dark Matter (DM) abundance required by cosmological observations. It is natural 
to imagine that dark matter too is stable because of accidental symmetries. This idea can 
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be minimally realized by adding to the SM one extra multiplet that cannot have any Yukawa 
interaction with SM particles, and that contains a DM candidate [1]. 

The fact that bounds from DM searches require a successful weak-scale DM candidate to 
have no electric charge, no color, and almost no coupling to the Z (the vectorial coupling to 
the Z must be a few orders of magnitude smaller than a typical weak coupling) calls for an 
explanation. A simple way of explaining why DM is so dark and stable is to add to the SM (with 
its elementary Higgs) new fermions T charged under a new technicolor interaction that conhnes 
at a scale Atc- Techni-quarks are assumed to he in (possibly reducible) real representations 
under the SM gauge group, such that their condensates do not break the electro-weak symmetry, 
realising the framework dubbed ‘vector-like conhnement’ in [2], The renormalizable Lagrangian 
of the theory is 

( 7^2 a 

^ = ^SM + 'h.(0 - ^ ^ 

4^tc 327r^ 

where the latter term, Yukawa interactions with the Higgs doublet H, can be allowed by quan¬ 
tum numbers. The topological term for technicolor gauge helds is physical for non-vanishing 
techni-quark masses m*. 

We assume that when technicolor interactions conhne at a scale Atc ) fhe approximate global 
techni-flavor symmetry is broken by condensates producing light techni-pions (TCtt) and other 
heavier composite particles, such as techni-baryons (TCb). All these particles are splitted in 
mass by SM gauge interactions in such a way that the lightest stable techni-particle (charged 
under an accidental symmetry that keeps it stable) tends to be the ‘most neutral’ one. 

Composite Dark Matter has been rarely considered in the literature, and mostly in models 
with different goals, e.g. with supersymmetry [3], with composite [4] or partially composite 
Higgs [5], with a mirror-SM sector [6] or quirks [7] or a fourth generation [8] as well as from 
a phenomenological point of view, in order to realise special situations (such as inelastic DM, 
asymmetric DM, strongly interacting DM, magnetic DM, etc.) often motivated by anomalies [9]. 
An approach similar to the present study was considered in [10, 11, 13]. In [10, 13] bosonic 
techni-baryon DM in SU(4) gauge theories was studied. In [11] we began a general study of 
composite DM adopting a specihc point of view with respect to the naturalness problem, ac¬ 
cording to which the Lagrangian does not contain any massive parameter, power divergences are 
unphysical, all masses arise via dimensional transmutation. The resulting assumption = 0 
lead to very predictive models [11]. Allowing for techni-quark masses (if lighter than about 1 
TeV, they do not induce unnaturally large corrections to the Higgs mass [12]) and for an order 
one 0TC modihes the mass spectrum of the theory, inducing electric dipole moments (EDMs) for 
TCb that leads to a sizeable Dark Matter direct detection signal with characteristic dependence 
on velocity and transferred momentum. 

The issue of composite dark matter is logically independent from the point of view in [11] 
on naturalness. We here revisit the DM issue remaining agnostic about the explanation of 


+ V?jPR)^i + h.c.l ( 1 ) 
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smallness of the electro-weak scale: we just assume that for some reason the SM is much lighter 
than other unspecihed new physics, such that accidental symmetries appear at low energy. We 
make the following simplifying assumptions: 

1. We study both SU(A^)tc and SO(A^)tc techni-color gauge groups, but we restrict to 
techni-quarks in the fundamental representations of the TC group. 

2. We consider techni-quark representations that can be embedded in SU(5)-uni£ed models. 

3. We do not consider techni-scalars, that would generate a different set of TCb, and would 
allow to realise partial compositeness in a fundamental theory. 

The accidentally stable Dark Matter candidates 

This scenario has the following accidental symmetries that lead to automatically stable com¬ 
posite DM candidates: 

• Techni-baryon number. The Lagrangian is accidentally symmetric under a U(1)tb 
global symmetry (sometimes broken by anomalies down to Z 2 ) that rotates the techni- 
quarks T with the same phase. This guarantees the stability of the lightest techni-baryon. 

• Species Number. When the techni-quarks are in a reducible representation of the SM, 
each phase rotation acting individually on a Tj is an accidental techni-flavor symmetry 
of the renormalizable Lagrangian. This leads to stable techni-pions made of different 
species TjTj. TCb made of different species can also be stable if their decay to TCvr is 
kinematically forbidden. 

• G-parity. In models with electro-weak representations the Lagrangian can be invari¬ 
ant under a discrete symmetry known as G-parity [14], that acts on techni-quarks as 
T —)■ exp(i7rT^)T'^. In SU(iV)Tc theories G-parity acts on TCvr so that even (odd) isospin 
TCtt are even (odd) under G-parity. Standard Model states are G-parity even, so that 
the lightest G-parity odd TCtt is stable. This symmetry is broken by non-vanishing 
hypercharge. 

We assume that, in a successful model, all stable particles must be good DM candidates. 

Breaking of accidental symmetries 

The symmetries above can be violated by various effects. 

First, when the quantum numbers allow for Yukawa interactions with the Higgs, this breaks 
both species number and G-parity while preserving techni-baryon number. States whose stabil¬ 
ity was insured by these broken symmetries will then decay with specihc patterns. We assume 
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that all allowed couplings are present and that decays are fast enough that unstable particles 
are not relevant for dark matter. 

Second, species number and G—parity can also be broken by dimension 5 operators, 

M ’ M V ; 

The lifetime of TCvr is shorter than the age of the universe for M < Mpi = 2.4 x 10^® GeV. 

Third, techni-baryon and species number can be broken by operators of dimension 6 or 
higher depending on the quantum numbers. In the hrst case the lifetime is consistent with the 
present experimental bound from indirect searches [15] 


Stt 


~ 10^® sec X 


M\Vl00TeV\^ 2 , 100 TeV 

^_ _ >10^® sec_ 

MpJ V ^dm ; ~ Mdm 


(3) 


if M is comparable to Mp\ and ~ 100 TeV. For dimension 7 operators the scale M must 
be larger than 10^^ GeV. 

Any species number symmetry can also be broken by adding e.g. ad-hoc scalars with quan¬ 
tum numbers such that desired extra Yukawa couplings arise. 

The upshot is that techni-baryon number is more robust than species number or G-parity in 
the framework of vector-like conhnement, at least working within the standard assumptions of 
effective held theory. TGb are then the most promising dark matter candidate. We will focus 
mostly on TGb dark matter in what follows. 


The paper is structured as follows. We identify successful DM models based on SU(Y)tc in 
section 2 and models based on SO(iV)Tc in section 3. In section 4 we discuss the effect of techni- 
quark masses and of the 6pc on the spectrum and the generation of Electric Dipole moments. 
In section 5 we discuss the resulting phenomenology. Gonclusions are given in section 6. In 
the appendices we provide technical details of the techni-baryon classihcation and we collect 
models that require higher dimensional operators. 


2 SU(A^)tg Composite Dark Matter models 


In this section we consider an SU(Y)xc techni-color group with Npp techni-quarks in its fun¬ 
damental representation. We assume that the dynamics is as in QGD: when techni-color inter¬ 
actions become strong, conhnement takes place and the global havor symmetry SU(iVTF)L 0 
SU(iVTF)K is spontaneously broken to the diagonal sub-group SU(Atf) producing iV|p — 1 
Goldstone bosons in the adjoint representation of the unbroken group. We assume the stan¬ 
dard large N scaling 
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SU(5) 

SU(3), 

SU(2)i 

U(l)r 

charge 

name 

Abs 

Ab2 

Aby 

1 

1 

1 

0 

0 

N 

0 

0 

0 

5 

3 

1 

1/3 

1/3 

D 

1/3 

0 

2/9 


1 

2 

-1/2 

0,-1 

L 

0 

1/3 

1/3 

10 

3 

1 

-2/3 

-2/3 

U 

1/3 

0 

8/9 


1 

1 

1 

1 

E 

0 

0 

2/3 


3 

2 

1/6 

2/3,-1/3 

Q 

2/3 

1 

1/9 

15 

3 

2 

1/6 

2/3,-1/3 

Q 

2/3 

1 

1/9 


1 

3 

1 

0,1,2 

T 

0 

4/3 

2 


6 

1 

-2/3 

-2/3 

S 

5/3 

0 

8/9 

24 

1 

3 

0 

-1, 0, 1 

V 

0 

4/3 

0 


8 

1 

0 

0 

G 

2 

0 

0 


3 

2 

5/6 

4/3,1/3 

X 

2/3 

1 

25/9 


1 

1 

0 

0 

N 

0 

0 

0 


Table 1: Techni-quarks are assumed to belong to fragments of SU(5) representations (plus their 
eonjugates for complex representations). We give the SM decomposition, assign standard names 
used throughout the paper, and list the contributions Abi to the SM (3-function coefficients (to 
be multiplied by the multiplicity of the techni-color representation). 

where, to be definite, we denote with Atc the mass of the lightest vector meson, with / the 
Goldstone bosons decay constant, and with ms the techni-baryon mass. 

We consider a model as viable from the point of view of Dark Matter phenomenology, 
provided that all its stable states have no color, no charge and no hypercharge. This implies that 
dark matter should belong to a multiplet with integer isospin. As in weakly coupled theories, 
the neutral component within an electroweak multiplet becomes the lightest component, with 
a calculable splitting, of order 100 MeV, induced by electro-weak symmetry breaking [1]. 

We analyzed these requirements using the tools in appendix A and the package LieArt [16]. 
We assume an SU(5) unification scheme, so we select techni-quarks from components of the 
simpler SU(5) representations listed in table 1. In general for a SM representation there are 
two inequivalent assignments of techni-quark quantum numbers: 

R = R]\f © Rff, and R = Rj^ © Rff (5) 

where Rn and Rn transform in the fundamental of SU(A^)tc 5 while Rf^ and Rf^ in anti¬ 
fundamentals. Since the V, N and G representations are real under the SM gauge group, one 
has V = V, N = N and G = G. For each SM representation, an unbroken species symmetry 
exists corresponding to a U(l) that rotates the (anti)fundamental of SU(A^)tc with charge +1 
(—1). Because of this accidental symmetry, TCvr made by different species are stable unless 
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the symmetry is broken e.g. by Yukawa couplings. Techni-baryon number, that guarantees the 
stability of the lightest TCb, is the sum of all species numbers. 

It is convenient to classify models in the following way: 

1. Golden-class models, such that all stable states are acceptable DM candidates with 
just renormalizable interactions^. Yukawa couplings are often needed in order to break 
accidental symmetries, avoiding unwanted stable TCtt. All possible Yukawa couplings 
among the SU(5) fragments are: 

HL{E or T or Y or Y), HQ{b or D), HDX, ( 6 ) 

as well as similar interactions with H ^ ifl or a; -f-)- x where x denotes all techni-quarks. 

2. Silver-class models where non-renormalizable interactions or ad-hoc extra particles are 
introduced in order to break accidental symmetries that lead to unwanted stable particles^ 

3. Models with no DM candidates. 

An important restriction on the techni-quark content arises from the requirement that 
SU(Y)tc with Ytf flavors of techni-quarks (e.g. a singlet N contributes as Ytf = 1) is asymp¬ 
totically free. Dehning the gauge /3-function coefficients as da^/dlogQ = —hi/2'n we have 

^TC = + g-^TF < 0. (7) 

Furthermore we demand that the SM gauge couplings do not develop Landau poles below the 
Planck scale: 

19 41 

63 = -7 + A63<3, 62 = -^ + A62<6.5, = — + A 6 y < 18. ( 8 ) 

0 D 

where the numerical factors have been computed assuming Aye ~100 TeV, motivated by DM as 
a thermal relic, see section 5. Colored techni-quarks such as 7/ or D contribute as A 63 = 2N/3, 
while a G state gives A 63 = AN. The weak doublet L contributes as A 62 = 2Y/3, while for 
the weak triplet V we have A 62 = 8N/3. Finally Aby = | (®-S- ^ singlet E 

contributes as Aby = AN/3). The contributions A 62 , 3 ,r are summed over techni-quarks, and 
the constant terms in the /3-function coefficients & 2 , 3 ,y are the SM contributions. 

Summarising, the constraints on the techni-quark content are: 

3VTF<yiV, A 63 < 10 , Afe 2 < 10 , A 6 y<ll. (9) 

^The dimension-less models considered in [11] are a sub-set of these models, with the extra assumption of 
vanishing techni-quark masses. 

^ Higher dimensional operators violate flavour in general. Assuming that the scale suppressing these op¬ 
erators is around the GUT or Planck scale, as required for baryon violating operators, this does not lead to 
phenomenological problems. 
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This implies that one weak triplet V is allowed by the constraint on A 62 for N = 3 techni-colors 
but not for N > 4. Models that contain the techni-quark G, S, X are not allowed, not even 
for N = 3, because of Afo or Aby- 


2.1 Techni-pions and techni-baryons of SU(A/^)tc 

Techni-pions are TT states in the adjoint representations of SU(iVTF) under the unbroken 
techni-flavor symmetry. Their decomposition under the SM group is given by 


Adj 

SU(Vtf) 


-Ns ■ 

Eft 


i=l 


-Ns 

Eft 


i=l 


0 1 


( 10 ) 


where the sum runs over the Ns species (e.g. a model with T = L©iV techni-quarks has Ns = 2 
species and Nyp = 2 + 1 techni-flavors). SM gauge interaction generate a positive contribution 
to TCtt masses that can be estimated as 


A 


gauge^TCTf 


(Itt 




( 11 ) 


The Ns — 1 singlets under the SM gauge group do not acquire mass from gauge interactions. 
In our previous study [11] we assumed vanishing techni-quark masses, such that these singlet 
TCtt were massless in absence of Yukawa interactions, and thereby experimentally excluded 
because of their axion-like coupling to SM vectors. Here we allow for techni-quark masses, such 
that the singlets become massive avoiding phenomenological problems. The contribution from 
techni-quark masses to TCvr masses scales as 


Amass'^TC-Tr ~ 


( 12 ) 


and can be described using chiral Lagrangian techniques. 

Techni-pions can be stable because of G-parity or species number if they are made by 
different species. For example in QCD, the charged pion tt’*' decays because species number 
is broken by weak interactions, while G—parity is broken by hypercharge allowing hq to decay 
through the anomaly. Among our representations, only the weak triplet V is symmetric under 
G-parity leading to stable TCvr. 


TCb are techni-color singlets constructed with N techni-quarks. They are fermions for N 
odd and bosons for N even, leading to vastly different dark matter phenomenology. The SM 
quantum numbers of TCb multiplets are determined by group theory: the TCb £11 representa¬ 
tions of the unbroken SU(Atf) global techni-flavor symmetry that can be decomposed under 
the SM. TCb wave-function is totally antisymmetric in techni-color. Furthermore, one can 
argue that the lighter TCb have the smallest possible spin, and the lowest possible angular mo¬ 
mentum (fully symmetric s-wave function in space). Due to Fermi statistics, this implies that 







TCb must be fully symmetric in spin and teclini-flavour. This determines the representation of 
the lighter TCb under the unbroken global techni-flavor symmetry corresponding to a Young 
tableau with two rows with N/2 boxes {N even) or two rows with {N + l)/2 and {N — l)/2 
boxes {N odd) and also the spin. Explicitly for N = 3,4, 5 they are, 


lighter TCb 


P for iV = 3 
^ for iV = 4 
PPP for iV = 5 . 


(13) 


A fully symmetric representation is obtained by a tensor product of each techni-flavor repre¬ 
sentation with an identical spin representation: for even (odd) N we obtain spin-0 (spin 1/2) 
DM. The case IVtf = 1 is special because flavour cannot be anti-symmetrized, TCb have spin 
N/2. The heavier TCb (analog of the decuplet in QCD) transform instead in the following 
representations 


heavier TCb 


^ for iV = 3 

© III for iV = 4 

J I I © I I I I for iV = 5 


(14) 


and have higher spin described by an identical spin representation. The mass difference between 
the heavier and the lighter TCb is expected of order Atc- 

Heavier TCb usually decay into a lighter TCb and TCtt; however some heavier TCb could 
be accidentally stable due to species number if they are the lightest states with TCb and species 
number. This can happen for techni-quark masses comparable to Atc- An analog exists in 
QCD where, in absence of the weak interactions, the lightest strange baryon (A, with quark 
content uds) would be stable because its decay to kaons and nucleons is not kinematically 
allowed. Furthermore, the spin 3/2 baryon D“(1672) (quark content sss) cannot decay to 
'EPK~ through strong interactions: its decay is allowed only by strangeness-violating weak 
interactions. 


TCb flavour multiplets are split by SM gauge interactions, by techni-quark masses and 
possibly by techni-quark Yukawa interactions and by higher dimensional operators (that we 
neglect). While for the TCtt one can argue that in the limit of zero techni-quark masses 
the lightest multiplets are those with the smallest charge under the SM gauge group, the same 
sentence is not rigorously proved for TCb. Indeed, while the long distance gauge contribution to 
the energy of charged fields is proportional to their total charge, the short distance contribution 
is difficult to estimate. Experience with electromagnetic splitting of baryons in QCD hints 
however to the fact that the lightest states are indeed the ones with smaller charge. This is 
what we will assume in the following. We estimate. 


Amass'^i? ~ Tfl^; , 





Atc- 


(15) 


9 




mxcb' 


"iTCb 


Atc 



rriTCn.. 

0 ^ 


Figure 1: Spectrum of techni-color DM models. Splitting between techni-flavor multiplets is of 
order the dynamical scale Atc splitting between different SM representation Atc/100 or larger 
and hyperfine splitting from electro-weak symmetry breaking of order 100 MeV. 

Finally, the breaking of the electro-weak symmetry induces calculable splittings within 
the components of each electro-weak multiplet (of order 100 MeV), with the result that the 
component with smallest electric charge is the lightest state. The spectrum of the theory is 
illustrated in £g. 1. 

2.2 SU(A/^)tc golden-class models 

In this section we present the golden-class models for SU(V)tc strong interactions. The models 
are obtained scanning over techni-quarks made by combinations of the SU(5) fragments of 
table 1. excluding models that lead to sub-Planckian Landau poles for gy, g 2 or g^. We require 
that the lightest stable TCb has no color, no hypercharge, and integer isospin. For example, 
for N = 3, the possible DM candidates are made of the following techni-quarks: 

LLE, DDU, EUD, QQD DLQ, UQL, Vxx, (16) 

where x denotes any techni-quark, any E can be substituted by a T, any V can be substituted 
by a N. By replacing all techni-quarks with their tilded counterparts one obtains equivalent 
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descriptions of the same models. 

However, if species number is conserved, most of the models that can give rise to such 
TCb DM candidates also lead to extra stable TCtt with Y ^ 0 or color, that are thereby 
excluded by DM direct searches (unless their thermal abundance is small enough). In the 
context of renormalizable golden-class models, Yukawa couplings to the Higgs doublet determine 
the accidental symmetries. For example, a Yukawa coupling to the Higgs boson is allowed by 
gauge quantum numbers in a model containing the techni-quarks = L Q) E. The Yukawa 
coupling HLE breaks the unwanted species number. On the contrary, no Yukawa coupling is 
allowed in a model with '^ = L® E that would lead to the hrst TCb in eq. (16). In appendix B 
we present a list of silver-class models (limited for simplicity to iV = 3,4 and to the case of 1 
or 2 species) where extra effects (non-renormalizable interactions or other particles) are needed 
to break unwanted symmetries. 

The list of SU(Y)tc golden-class models presented below is summarized in table 2 ^. We 
start the description of golden-class models from models that only involve color-less techni- 
quarks. 

The simplest model contains the singlet N as the only techni-quark, such that the lightest 
DM TCb has spin N/2. Interactions with SM particles arise only adding extra states, as 
described below. 

a) SU(Y)tc model ^ = Y 

The model has a single specie of techni-quarks: a triplet with zero hypercharge in the adjoint 
of 811 ( 2 ) 2 ,, such that IVtf = 3. No Yukawa coupling is allowed. If Y > 4 the g 2 gauge 
coupling becomes non-perturbative below the Planck scale. Thereby this model is only allowed 
for N = 3. Both TCb and TCtt he in the 8 of SU(3)tf, that decomposes as 

8 = 3o © 5o under 811 ( 2 ) 2 , © U(l)y. (17) 

The TCtt triplet is stable because of G-parity, and the TCb triplet is stable because of techni- 
baryon number. These are good DM candidates. This model has been already presented 
in [11]. 

b) SU(Y)tc model T = Y © Y 

The previous model can be simply extended to Ns = 2 techni-quarks by adding an Y (8M 
gauge singlet) such that Ytf = 4. Again, no Yukawa coupling is allowed and the model can 
be considered only for Y = 3 because of sub-Planckian Landau poles. TCvr lie in the 15 of 

^We do not consider models that contain SM representations with multiplicity as these do not lead to new 
DM candidates. In some cases however this might change the spin of the lightest TCb. 


11 



SU(A^) techni-color. 

Yukawa 

Allowed 

Techni- 

Techni- 


Techni-quarks 

couplings 

N 

pions 

baryons 

under 

ATf = 3 

8 

8, 6,... for A" = 3,4,... 

SU(3)tf 

= V 

0 

3 

3 

YyY = 3 

SU(2)l 

^ = AT© L 

1 

3,..,14 

unstable 

NN* ^ 1 

SU(2)i 

N'yf — 4 

15 

20, 20',... 

SU(4)tf 

m = V®N 

0 

3 

3x3 

VVV, VNN = 3, VVN = 1 

SU(2)i 

^' = IV© L© E 

2 

3,4,5 

unstable 

NN* ^ 1 

SU(2)l 

ATf — 5 

24 

40,50 

SU(5)tf 

^ = V®L 

1 

3 

unstable 

VVV = 3 

SU(2)l 

= N ® L®L 

2 

3 

unstable 

NLL = 1 

SU(2)l 

= 

2 

4 

unstable 

NNLL, LLLL = 1 

SU(2)i 

ATf — 6 

35 

70,105' 

SU(6)tf 

^ = V ® L® N 

2 

3 

unstable 

VVV, VNN = 3, VVN = 1 

SU(2)i 

^ = V®L®E 

2 

3 

unstable 

VVV = 3 

SU(2)i 

= N ® L®L® E 

3 

3 

unstable 

NLL, LLE = 1 

SU(2)l 

= 

3 

4 

unstable 

NNLL, LLLL, NELL = 1 

SU(2)l 

ATf = 7 

48 

112 

SU(7)tf 

= L®L®E®E®N 

4 

3 

unstable 

LLE, LLE, LLN, EEN = 1 

SU(2)l 

= N ® L® E®V 

3 

3 

unstable 

VVV, VNN = 3, VVN = 1 

SU(2)i 

ATf — 9 

80 

240 

SU(9)tf 

= Q®D 

1 

3 

unstable 

QQb = 1 

SU(2)i 

N'yf = 12 

143 

572 

SU(12)tf 

^ = Q®b®U 

2 

3 

unstable 

QQb,bbu = 1 

SU(2)l 


Table 2: Golden-class models with SU(A^)tc techni-color that give viable TCh and/or TCtt 
Dark Matter candidates with Q = Y = 0, starting from techni-guarks coming from SU(5) 
fragments listed in table 1. The darker rows give the techni-flavour content of the lightest TCb 
and TCtt considering only masses induced by techni-color interactions. The lighter rows show 
the viable models, the number of Yukawa interactions, and the SU(2)2, content of the stable 
TCtt and the stable TCb, assuming that the lighter component is the one with the least SM 
charge. A * denotes a higher spin TCb. 
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SU(4)tf that decomposes as 

TCtt : 15 = lo © 3 X 3o © 5o under SU(2)2, © U(l)y- (18) 

The three triplets are stable because of species number and because of G-parity. The lighter 
TCb lie in the 20 representation of SU(4)tf that decomposes as 

TCb : 1) = lo © 3 X 3o © 2 X 5o under SU(2 )l © U(l)y. (19) 

The lightest TCb is a stable DM candidate, and its identity depends on the techni-quark masses. 
For mv mjsi, the triplet 3o {VW) is expected to be the lightest. For mjq my ^ Aye the 
extra TCb NNN* (denoted with a * and not included in the list above because it has spin 3/2) 
could become the stable DM candidate; at the same time the SU(4 )tf classiheation breaks 
down. 


c) SU(At)Tc models 4/ = iV © L and 4/ = iV © L © .F 

In both models, enough Yukawa couplings are allowed such that only techni-baryon number is 
conserved and all TCtt are unstable. For the N ® L (Ytf = 3) and the N ® L ® E (Ytf = 4) 
models respectively, these are: 


TCtt : 8 — Iq © ‘^± 1/2 © 3o 

TCtt : 15 = l2x0,±l © 2 X 2^1/2 © 3o 


under SU(2 )f © U(l)y. 


( 20 ) 


For N = 3, the spin 1/2 TCb do not contain any DM candidate, for example in the the N (B L 
model they are 


TCb : 8 = l_i © 2 _i/2- 3/2 © 3_i nnder SU(2 )f © U(l)y. (21) 

The DM candidate is the singlet NNN*, which only exists with spin 3/2. Thereby these models 
are viable only as long as the techni-qnark masses and are of order Aye and large enongh 
that NNN* is the lightest TCb. This state lies in the 10 of SU(3)tf in the iV © L model 

TCb* : 10 = lo © 2 _i/ 2 © 3_i © 4 . 3/2 under SU(2 )l © U(l)y (22) 

and in the 20^'’ of SU(4)tf in the N (B L (B E model. 

The same is trne for iV = 4, where the only DM candidate is the singlet NNNN* that lies in 
the completely symmetric spin 2 representation Mill . In the N (BL model, this representation 
decomposes as 

TCb* : 15 = Iq © 2_i/2 © 3_i © 4 . 3/2 © 5.2 nnder SU(2)y © U(l)y. (23) 

The N (B L model is allowed by pertnrbativity constraints np to Y = 14, while the N (B L (B E 
is allowed np to Y = 5 (with increasing spin of the DM candidate). 
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d) SU(iV)TC models '^ = V ® L and V ® L ® E 

Other possible extensions of the hrst model are d' = O © L and V ® L® E. A possible problem 
of these models is that, even for N = 3, the SU(2)i gange conpling becomes non pertnrbative 
aronnd 10^^ GeV. In view of the Ynkawa conplings VLH, ELH, all TCtt are nnstable and 
given by 


TCtt : 24 = Iq © 2 ±i /2 © 2 x 3o © 4 ±i /2 © 5o nnder SU(2 )l © U(l)y , (24) 

in the V ® L model, and by 

TCtt : 35 = 2 x Iq © 2 x 2 ±i /2 © 32 xo,±i © 4 ±i /2 © 5o nnder SU(2 )l © U(l)y , (25) 

in the V ® L ® E model. 

In both models the TCb DM candidate is the VVV state that forms a weak triplet as in 
the = V model: the extra techni-qnarks L (and possibly E) does not lead to any extra DM 
candidates and play a minor role provided that they are heavy enongh. In the V ® L model, 
the lightest TCb mnltiplet is a 40 of SU(5)tf that decomposes as: 

TCb : 40 = l_i © 22 x(-i/ 2 ),- 3/2 © 3 o, 2 x(-i) © 2 x 4 _i /2 © 5o,-i © 6 _i /2 (26) 

nnder 811(2)^ © U(l)y. 

e) SU(At)Tc models = V ® N ® L and '^ = V®N®L®E 

As in the previous models, sub-Planckian Landau poles are avoided only for N = 3 (where g 2 
becomes non perturbative around lO^^GeV). Since L and E cannot enter in an hypercharge¬ 
less TCb, the DM candidates are the same of the V ® N model. Unlike in the U © At model, 
the Yukawa couplings VLH, NLH and LEH break all species number symmetries, such that 
all TCtt are unstable. In the V ® N ® L model (Ypp = 6 ), the TCtt are 

TCtt : 35 = 2 x Iq © 2 x 2 ±i /2 © 4 x 3o © 4 ±i /2 © 5o under SU(2 )l © U(l)y . (27) 

In the V ® N ® L ® E model (Ntf = 7), the list extends to 

TCtt : 48 = l 3 xo,±i © 3 x 2 ^i /2 © 34 xo,±i © 4 ±i /2 © 5o under SU(2)i © U(l)y . (28) 

f) SU(Y)tc model T = Y © L © Z 

The model allows two Yukawa couplings {NLH, NLH) such that there are no stable TCtt and 
allows for DM TCb candidates not present in the previous models. The unstable TCtt are: 

TCtt : 24 = l 2 xo,±i © 2 x 2 ±i /2 © 82 x 0 ,±i under SU(2)i © U(l)y . (29) 
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Sub-Planckian Landau poles are avoided for N < 7. Here we discuss the TCb DM candidates 
for N = 3, A. 

For N = 3, the lighter TCb hll a 40 of SU(5 )tf that decomposes as 

TCb : 40 = l2xo,±i © 23x(=ti/2),±3/2 © 32x0,±1 © 4 ±i/2 (30) 

under 811(2)/, 0 U(l)y, so that the TCb DM candidates are singlets made of NLL. 

For iV = 4, the lighter TCb are 

TCb : 50 = l3x0,±l,±2 © 22 x(±1/2),±3/2 © 32x0,2x(±1) © 4±i/ 2 © 5o , (31) 

under 811(2)/, 0 U(l)y. The TCb DM candidates are singlets made of LLLL and LLNN. 

g) SU(iV)Tc model T = N®L®L®E 

This is a non trivial extension of the previous model, with one more Yukawa coupling allowed 
[LEH), so that there are no stable TCtt. The model is allowed only for N = 3,4, since for 
greater values of N the coupling gy develops a sub-Planckian Landau pole. The unstable TCtt 
can be listed as: 

TCtt: 35 = l 3 xo, 2 x(±i) © 23 x(±i/ 2 ),± 3/2 © 32xo,±i under 811(2)/, 0 U(l)y . (32) 

This model gives a TCb DM candidate not present in the previous models: LLE and NLLE 
ioT N = 3 and N = 4 respectively. 

For N = 3, the lightest multiplet of TCb decomposes under 811(2)/, 0 ll(l)y as 

TCb: 70 = TCb^^/,^/^ © lo,3x(-l),2x(-2) © 22 x(-1/2),3x(-3/2),(-5/2) © 3o,2x(-1),-2 , (33) 

where TCb^^^^i^ is dehned in eq. (30). For Y = 4 we get 

TCb: 105' = TCb^^/,^£ © lo,2x(-l),3x(-2) © 2 i/2,3x(-1/2),4x(-3/2),2x(-5/2) 

©3o,3x(-1),2x(-2),-3 © 4-1/2,-3/2 (34) 

where now TCb^^^^/^ refers to eq. (31). In each case, besides the TCb DM candidates of the 
Y © L © L model, there a singlet DM candidate made of LLE or NLLE. 

h) SU(Y)tc model T = L®L®E®E®N 

The model has Ytf = 7 and for Y = 3 gives A&y = 12 so that hypercharge has a Landau pole 
around the Planck scale, so that it cannot be extended to Y > 3. Thanks to the presence of 
Y, it allows for 4 Yukawa couplings (LYY, LEH, LNH, LNH) that break all species number 
symmetries. The unstable TCvr are: 

TCtt : 48 = l4xo,3x(±i),±2 © 24x(±i/2),2x(±3/2) © 32 xo,±i (35) 
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under SU(2 )l 0 U(l)y. The lightest TCb hll a 112 of SU(7 )tf, that decomposes as 

TCb : 112 = © l4x(o,±l),2x(±2) © 24 x(±1/2),3x(±3/2),±5/2 © 32x(0,±1),±2 , (36) 

under SU(2)i, 0 U(l)y. The TCb DM candidates are those of the iV © L © L model, dehned 
in eq. (30), plus the singlets LLE, LLE and EEN. 

We next consider models with coloured techni-quarks. 
i) SU(iV)Tc model T = Q © D 

The simplest golden-class model with colored techni-quarks is T = Q © D, that is allowed for 
At = 3,4 and gives a DM candidate only for N = 3. The model has A^tf = 6 and does not lead 
to unwanted stable states because species number is broken by the Yukawa coupling QDH. 

The model predicts a set of unstable TCtt in the 80 representation of SU(9 )tf, that decom¬ 
poses under the SM gauge group SU(3)c 0 SU( 2 ) 2 , 0 U(l)y as 

TCtt : 80 = (1, l)o © (1, 2)±i/2 © (1, 3)o © 2(8, l)o © (8, 2)±4/2 © (8,3)o. (37) 

For N = 3 the multiplet of lighter TCb hlls a 240 of SU(9 )tf, that decomposes as 

TCb : 240 = (1, l)o © (1, 2)±i/2 © (1, 3)o © (8, 1 ) 2 x 0 ,-i © (10, l)o © (8, 2 ) 1 / 2 ,2x(-i/2) 

©(10, 2)±i/2 © 2(8, 3)0 © (10, 3)0 © (8, 4 ) 1/2 (38) 

under the SM gauge group SU(3)c0 SU(2)L0U(l)y. The DM candidate is the neutral singlet 
QQD, which can be the lightest TCb. 

1) SU(Y)tc model T = Q © D © f/ 

This extension of the previous model allows for two Yukawa couplings, QHD and QHU^ so 
that there are no stable TCvr. This model has Ytf = 12 and is allowed only for N = 3, where 
A 63 = 8 . It predicts an extended set of unstable TCtt, that hlls a 143 of SU(12 )tf: 

TCtt : 143 = TCvr^^/i © (1, l)o,±i © (1, 2)±i/2 © (8, l)o,±i © (8, 2)±i/2 (39) 

under SU(3)c 0 811(2)^ 0 U(l)y. The model contains two TCb DM candidates: QQD and 
DDU. The lighter TCb hll a 572 of 811(12)^1?, that decomposes as 

TCb : 572 = TCb^^^/ © (1, l)o,2xi © (1, 2 ) 2 x 172 , 3/2 © (1, 3)i © (8, l)2xo,4xi,2 © (10, l)o,2xi 
©( 8 , 2)4x1/2,2x372 © ( 10 , 2 ) 

2xl/2,3/2 © 2 X (8, 3)1 ©(10, 3)1 (40) 

under SU(3)c 0 SU(2 )l 0 U(l)y. The TCb DM candidates are those of the T = Q © D model 
plus a singlet made of DDU. 
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Notice that colored techni-quarks never provide golden-class models for iV > 4. For example 
the model 4/ = G leads, for = 4, to an acceptable TCb DM candidate; but develops a 
sub-Planckian Landau pole.^ Landau poles also exclude the model 4/ = Q(BUQ)D (two Yukawa 
couplings allowed, no stable TCvr) that for N = 6 provides a TCb DM candidate, QQDDDU. 


3 SO(A^)tc Composite Dark Matter models 


In this section we consider models based on SO{N) techni-color interactions with techni-quarks 
in the vector representation of SO(iV)^. The techni-quark content is restricted by demanding 
that gY, 2,3 do not develop sub-Planckian Landau poles, and that SO(iV)Tc is asymptotically 
free. Normalizing the generators in the fundamental as Tr(T“T^) = the SO(iV) TC /3- 
function coefficient reads 

6tc ~ — 2 ) -|- “Yxf <0 so that Ytf < (iV — 2). (41) 

o o ^ 

Considering again techni-quarks in fragments of the simplest SU(5) representations in ta¬ 
ble 1, vectorial techni-quarks 4/ are defined as: 


^ = 


Cn © Cn for complex SM representations C G {E^ L, D, U, Q, S,T,X} 
R]y for real SM representations R G {N, V, G} 


(42) 


The dynamics of the theory is as follows. In the limit of negligible techni-quarks masses, the 
anomaly free global symmetry is SU(Ytf) © Z( 3 _,_(_i) 2 V) 7 v.j,p which is spontaneously broken to 
SO(iVTF) © ^2 by the condensates 


(GatGat) — 2{R^R^) ~ . 


(43) 


The spontaneous breaking produces + 1)/2 — 1 pseudo-Goldstone bosons that trans¬ 

form in the two-index symmetric representation of the unbroken SO(Ytf) group. The conden¬ 
sate preserves the accidental U(l) symmetry rotating Cn and Cn with opposite phases, that 
generalises the species symmetry defined for SU(Y)tc theories. 

The important novelty of this class of models is that the technicolor representation is real. 
This has various consequences: TCvr are 4/4/ states and there is no distinction between TCb 
and anti-TCb. Moreover N, V, G techni-quarks lie in real representations under both Gsm and 
SO(Y)tc and can have Majorana masses that do not arise in SU(Y)tc models. 

^Detailed group-theoretical computations show that the simplest model = G leads, for /V = 3 only to 
coloured lighter TCb; this can be cured by adding extra techni-quarks (e.g. = G©/V) but their addition lead 

to stable coloured TCtt or TCb. Furthermore gs develops a Landau pole below the Planck scale. So these are 
not golden-class models. 

^We do not consider Sp{N) techni-color interactions, since there are no stable techno-baryons: the anti¬ 
symmetric combination of N techni-quarks decays into N techni-mesons. We also ignore models with chiral 
representations of the gauge group, which lead to more complicated patterns of symmetry breaking that are not 
under good theoretical control. Our results partly hold also for fermions in more general real representations, 
but TCb may have different properties [17]. 
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3.1 Techni-pions and techni-baryons of SO(A/^)tc 

There are important differences with respect to SU(iV)Tc models. 

Techni-pions are now TT states, such that, if species number is conserved, TCvr made of 
CnCn are stable because they have species number 2. Furthermore they have quantum numbers 
under the SM gauge group not compatible with DM phenomenology. Real techni-quarks 
instead do not produce stable TCtt since the techni-quark condensate and masses break their 
species number. 

The presence of at least one techni-quark in a real representation is a necessary ingredient 
to build viable models without unwanted stable TCvr. In fact, Yukawa couplings of the form 
HRnCn can break the unwanted species symmetries allowing all TCvr to decay. The allowed 
Yukawa interactions with the Higgs are (analogously to eq. (6)): 

HL{E or T or iV or Y), HQ{D or f/), HDX. (44) 

G-parity can still be defined as in SU(Y)tc theories. However, with our choice of representa¬ 
tions, G-parity is only conserved by the SM multiplet V that in SO(iV)Tc theories only gives 
rise to (unstable) G-even TCvr. 

Techni-baryons (TCb) are, as in SU(iV)Tc theories, antisymmetric combinations of N 
techni-quarks. Techni-baryon number is not conserved, such that TCb cannot have an asym¬ 
metry, two TCb can annihilate and TCb can now be real particles, e.g. Majorana fermions. 
The lightest TCb is stable and can be a DM candidate. For N odd stability simply follows 
from the accidental T —)■ —T symmetry. For generic N stability follows because the SO(iV) 
gauge theory actually has an accidental 0(Y) symmetry; the quotient Z 2 = 0(iV)/S0(iV) 
(that distinguishes orthogonal matrices according to the sign of their determinant) acts as a 
global symmetry group. All TCb built with the Y-index anti-symmetric tensor are odd under 
this Z 2 symmetry, and the lightest odd state is stable. 

Since the same anti-symmetric tensor with Y-indices is invariant under both SU(Y)tc and 
SO(Y)tc, fhe TCb following from a given set of techni-quarks are the same. They must how¬ 
ever be decomposed under different techni-flavor groups conserved by technicolor interactions: 
SU(Ytf) for SU(Y)tc 5 and SO(Ytf) for SO(Y)tc- Since SO(Ytf) C SU(Ytf), one can 
start from the TCb of SU(Ytf) and split them into SO(Ytf) multiplets. The group-theoretic 
decomposition rules that connect the TCb representations of SU(Ytf) and SO(Ytf) are the 
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following:® 


N = 3 
N = A 
N = 5 


(P)su(»„) “ (P®°) 



SO(AfTF) 


SO(ArTF) 

nmen] 


/ SO(iVTF) 


(45) 


This leads to a novel physical phenomenon: SO(iV)Tc gives different masses to the TCb multi- 
plets that were degenerate in SU(A^)tc models. For example, in ordinary QCD, if color SU(3) 
were replaced by SO(3) (with 3 quarks in its real fundamental representation), the ‘eightfold 
way’ would split into ‘threefold way’ and ‘pentafold’ way: 

8=(p) = (P©n) =5©3, (46) 

/ SU(3) / SO(3) 

with a similar decomposition for the heavier decuplet of spin-3/2 baryons: 
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SU(3) 


© □) = 7 © 3. 

V / SO(3) 


(47) 


Unfortunately, QCD gives us no guidance in understanding a crucial question for compos¬ 
ite DM phenomenology: which SO(iVTF) multiplet contains the lighter TCb, given that more 
representations have the same spin? 

Given that composite spin-1 resonances behave as gauge vectors of the techni-flavor sym¬ 
metries, and that gauging of global symmetries likely generates positive contributions to TCb 
masses, a plausible answer is that the lightest TCb multiplet is the one in the smallest repre¬ 
sentation of SO(A^tf) among those with lowest spin. We will make this assumption in what 
follows (dedicated lattice simulations could check this, present results do not allow to settle the 
issue [19]). This means that for N odd the lightest TCb will be in the vectorial representation 
of SO(A^tf) (denoted by □) with the same quantum numbers as techni-quarks T itself, while 
for even N it will be a singlet of SO(iVTF)- 


Even within the assumption above, if techni-quark masses are comparable to Atc, if becomes 
possible that the lightest TCb belongs to a higher SO(Atf) representation. For completeness, 
we therefore also specify the SM decomposition of the higher SO(AfTF) representations appear¬ 
ing in eq. (45). Notice that for N = 4, the ©□ representation coincides with the representation 


of the TCvr, so we only need to specify the 
need to decompose N-M and 


representation. Analogously, for N = 5 we only 


Finally, the members of the lightest TCb SO(Atf) multiplet are further split by SM gauge 
interactions and the lightest TCb is the one with the smallest SM charge. 

®The information contained in these SO(iVTF) Young diagrams is redundant for small Ntf- Only diagrams 
with as many rows as the rank of the corresponding SO(fVTF) group are independent. The rank of SO(Ntf) 
is 7 Vtf/ 2 for Ntf even and (Ntf — l)/2 for Ntf odd. 
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SO{N) techni-color. 

Yukawa 

Allowed 

Techni- 

Techni- 


Techni-quarks 

couplings 

N 

pions 

baryons 

under 

IVtf = 3 

5 

3,1,... for N = 3,4,... 

SO(3)tf 

'iJ = V 

0 

3,4,..,7 

unstable 

CO 

II 

SU(2)i 

A^xf — 4 

9 

4,1,... 

SO(4)tf 

«' = iV©F 

0 

3,4,..,7 

3 

VVN = 1, V{VV + NN) = 3, 

SU(2)i 





VViVV + NN) = 1,... 

SU(2)i 

A^xf = 5 

14 

5,1... 

SO(5)tf 

^1 = L® N 

1 

3,4,..,14 

unstable 

LLN = 1, 

SU(2)i 





lL{lL + nn) = 1 ,... 

SU(2)i 

A^xf = 7 

27 

1 ,... 

SO(7)tf 

^' = L©F 

1 

4 

unstable 

{LL + VVf = 1 

SU(2)i 

= L® E® N 

2 

4,5 

unstable 

[EE -1- LLf ® NN[LL ® EE) = 1 

SU(2)i 

A^xf — 8 



35 

1 

SO(8)xf 

^' = G 

0 

4 

unstable 

GGGG = 1 

SU(2)i 

= L® N ®V 

2 

4 

unstable 

[LL + VV)^ + NN[LL ® VV) = 1 

SU(2)i 

A^xf — 9 

44 

1 

SO(9)tf 

'if = L®E®V 

2 

4 

unstable 

[EE + LL + VV)'^ = 1 

SU(2)i 

A^tf — 10 

54 

1 

SO(10)xF 

'if = L® E®V ® N 

3 

4 

unstable 

as L®E®V + NN[LL + EE + VV) = 1 

SU(2)/ 


Table 3: Golden-class models with SO{N)tc techni-color. Notations are as in table 2. In 
various models the DM candidate is a linear combination of states. 

3.2 SO(A/^)tc golden-class models 

As discussed above, avoiding unwanted stable TCvr implies that the model must contain at least 
one real V, N, G state with Majorana mass. This leads to real DM states, with important 
consequences for DM phenomenology discussed in section 5.2. With the assumption that the 
lightest TCb multiplet is the one in the smallest representation of SO(A^tf) among those with 
lowest spin, table 3 lists the golden-class models discussed below. These are the models that 
give a DM candidate without unwanted stable particles. In appendix B we will present the 
silver-class models that need extra assumptions to break accidental symmetries in order to 
avoid unwanted stable states. 

a) SO(A^)tc model T = D 

This model has Atf = 3; TCvr are unstable, as they he in the G-even representation 5o under 
SU(2)£ (g) U(l)y. Landau poles are avoided for < 7 and TCb DM candidates exist for 
any N. For N = 3, the lightest DM candidate has spin 1/2 and lies in the 3o representation 
while the heavier TCb lie in the P = 5o multiplet. For N = 4 the TCb DM candidate is a 
scalar singlet. Also, we have heavier TCb in the □□ = 5o representation of 811(2)/,, while the 
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representation — is absent. Finally, for N = 5, the lightest DM candidate is a 3o multiplet 
with spin 1/2, the heavier TCb are a ^ = 5o multiplet and a = 7o multiplet while the 
representation is absent. 


b) SO(iV)Tc model ^ = N®V 

This extension of the previous model has Nj'p = 4 and it is allowed up to iV = 7. The model 
gives an extended list of TCtt 

TCtt : 9 = lo © 3o © 5o under SU(2)2, © U(l)y. (48) 

The 3o is stable because of species number, giving a TCtt DM candidate. For N = 3 the lightest 
TCb DM candidate lives in the 4-dimensional □ representation of SO(4)tf that is composed by 
a singlet NVV and a triplet made by a linear combination of DiViV and VVV. For iV = 4 the 
TCb DM candidate is a singlet linear combination of VVVV, VVNN. The remaining heavier 
TCb for iV = 3 are 

TCb : P = 16 = 2 X 3o © 2 X 5o under SU(2 )l © U(l)y . (49) 

As explained before, for iV = 4 it is enough to specify the following decomposition 

TCb : — = 10 = 2 X 5o under SU(2)2, © U(l)y , (50) 

to describe all possible TCb. 


c) SO(iV)Tc model T = G 

For iV = 4 this model with Atf = 8 avoids a sub-Planckian Landau pole for and, at the 
same time, techni-color is asymptotically free, 6 tc = ~2. The model leads to the following 
colored TCtt, that undergo anomalous decays to gluons: 

TCtt : 35 = 8o © 27o under SU(3)c © U(l)y . (51) 

The TCb DM candidate is the SM singlet GGGG and the remaining heavier TCb are: 

TCb : — = 300 = lo © 8o © 3 x 27o © 64o © ^IOq © 28o © 35o © h.c.^ (52) 

under SU(3)c © U(l)y, plus a set of TCb living in the same representations as the TCtt above. 

d) SO(iV)Tc model T = L © iV 

This model with N^p = 5 allows for a Yukawa coupling that involve the neutral state N, such 
that all TCtt decay. They £11 a 14 of SO(5 )tf that decomposes as 

TCtt: 14 = 3±i^o © 2±i/2 © Iq under SU(2)2, © U(l)y. (53) 
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This model exists for 3 < iV < 14. Let us consider N = {3,4,5}, for which the lightest TCb 
are all SM singlets. For example, for = 3,4 they are NLL and LL{LL + NN) respectively. 
To specify the complete set of TCb, we need the following decompositions 


TCb : 


P = 35 = lo,±l © 2±i/2,±1/2,±3/2 © 32x0, ±1 © ^± 1/2 
yy = 35 = lo,±i ,±2 © 2±i/2,±3/2 © 3o,±i © 4±i/2 © 5o 
< © M l = 105 © 30 = (6±i/2 © 5±i^2x0 © 4±3/2,2x(±1/2) 

© 32x(±1,0),±2 © 22x(±3/2,±1/2),±| © lo,±(l, 2 ))© 

. (4±3/2,±1/2 © 3±i,o © 2±i/2 + lo) 


for N 
for N 


for N 


3 

4 


5 


(54) 


under SU(2)i © U(l)y. Taking into account the Yukawa couplings, in this model and in the 
following models the TCb mix giving real eigenstates which are all good DM candidates, with 
a peculiar phenomenology discussed in section 5.2. 

In the limit rriN ^ Atc the N state can be integrated out realizing nicely the silver-class 
model T = L presented in appendix B. 


e) SO(Y)tc model L (BV 

This model with Ytf = 7 is similar to the T = L © iV but with a more complex set of TCtt 


TCtt : 27 = 5o © 4±i/2 © 3±i,o © 2±i/2 © lo under SU(2 )l © U(l)y. (55) 

The strong coupling gi[c is asymptotically free for Y > 4 and g 2 avoids a sub-Planckian Landau 
pole for Y < 4 (with Y = 5 slightly excluded). For Y = 4 the TCb DM candidate is the SM 
singlet {LL + VV)^ and the remaining heavier TCb decompose under 811(2)^ © U(l)y as: 


TCb : 


168 — l3x0,±l,±2 © 23x(±1/2),±3/2 © 34x0,3x(±l) © 44x(±l/2),±3/2 

©54x0 ,±1 © 02x1/2 © 7o,±i under SU(2 )l © U(l)y . (56) 


f) SO(Y)tc model T = L © Y © Y 

This model with Ytf = 7 and 2 Yukawa couplings HLN and HLE predicts the following 
unstable TCvr 


TCtt : 27 — 3±i^o © 2±3/2 © 2 x 2j-4/2 © l± 2 ,±i © 2 x lo under SU(2)j;^ © U(1 )'f. (57) 

The model exists for Y = 4, 5. For Y = 4 the DM candidate is a singlet, then to fully specify 
the complete set of TCb we need to decompose the multiplet: 


TCb : 


168 


under 811(2)^© U(l)y. 


5o © 4±3/2,2 x(±1/2) © 3±3^2x(±2),5x(±1),5x0 
© 22x(±5/2),5x(±3/2),7x(±1/2) © lox(±2),4x(±l),6x0 


(58) 
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g) SO(iV)Tc model = L Q) V Q) E 


This model with N^p = 9 and 2 Yukawa couplings HLV and HLE, gives rise to the set of 
unstable TCtt: 


TCtt : 44 — 5o©4±i/2©32x(±i),o©2±3/2,2x(±i/2)©1±2©2x lo under SU(2 )l © U(l)y. (59) 

The model exists and gives a singlet TCb DM candidate for iV = 4. The multiplet of the 
remaining heavier TCb is: 


TCb : 


— 495 — l8x0,4x(±l),3x(±2) © 2 iox(±1/2),6x(±3/2),2x(± 5/2) © 3iix0,10x(±l),3x(±2),±3 
©49 x(±1/2),5x(± 3/2),±5/2 © 57x0,4x(±l), 2 x(± 2 ) © 63 X(±l/2),±3/2 © 7o,±l (60) 


under SU(2)i© U(l)y. 


h) SO(iV)TC model T = L © Y © iV 

This model has Npp = 8 and 2 Yukawa couplings [HLV, HLN) are allowed, so that all TCtt 
decay: 


TCtt : 35 = 5o © ‘^± 1/2 © 3±i,o,o © 2 x 2±i/2 © 2 x Iq under SU(2)i © U(l)y. (61) 

The model is allowed only for Y = 4 and gives a singlet TCb DM candidate. The complete set 
of TCb contains the multiplet: 


TCb : 


300 — 7±1^0 © 63x(±1/2) © 52x(±1),8x0 © 4±3/2,8x(±1/2) © 36x(±l),9x0 
©22x(±3/2),7x(±i/2) © l±2,2x(±i),6xo Under 311 ( 2 ) 7 , © U(l)y. (62) 


i) SO(Y)tc model ^ = L ® E ®V ® N 

This model with Ytf = 10 and 3 Yukawa couplings HLV, HLN, HLE predicts the following 
unstable TCtt: 


TCtt: 54 — 5o © 4^i/2 © 2 x 3j-i^o © 2±3/2,3x(±i/2) © 1±2,±i © 3 x Ig under SU(2)7, © U(l)y. 

(63) 

For Y = 4, the model gives the singlet TCb DM candidates, while the multiplet of the remaining 
heavier TCb is: 


TCb : 


770 — l5x(±2),8x(±l),14x0 © 23x(±5/2),11x(±3/2),19x(±1/2) © 3±3^5x (±2),17x(±l),20x0 
©4±5/2,7 x(±3/2),15x(±1/2) © 52x(±2),6x(±l),llx0 © 6±3/2,4x(±l/2) © 7±i,o (64) 


under 311(2)7,© U(l)y. 
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4 Techni-quark masses and the ^tc angle 


In [11] we considered composite dark matter theories in the limit of massless techni-quarks. 
With masses (such that also the CP-violating 6 *tc angle becomes physical) the theory has a few 
more free parameters, that signihcantly affect its phenomenology. From a phenomenological 
point of view, we are mostly interested in checking that a successful TCb DM candidate is 
indeed the lightest TCb and in computing its interactions. The main new feature relevant for 
DM direct detection is that DM TCb fermion has magnetic and electric dipoles with moments 

+ idE'y^)'^ Ff,y/2. (65) 


We estimate 


e , e 6 *tc niin[m,^] e 6 *tc niin[m,^] 

A magnetic moment with order 1 gyro-magnetic ratio is typical of composite states. The smaller 
electric dipole is generated when CP is violated by a non-zero ^tc- For ^tc ^ 0{1) EDM could 
give striking effects in direct detection as we will see in section 5. Chromo-dipoles are generated 
in models with colored constituents. 



4.1 A QCD-like example 


To illustrate the effects of the 6 *tc angle, assumed to be large unlike the QCD 6*-angle, we work 
out in detail the silver-class model with SU(3)tc and T = L © E techni-quarks, described in 
section B.l. In this scenario the techni-strong dynamics is identical to QCD with three flavors 
and therefore we can rescale QCD data to make dehnite predictions. For this choice of quantum 
numbers no Yukawa couplings are allowed, such that charged TCtt are stable at renormalizable 
level. We assume that non-renormalizable operators break species number symmetry leading 
to unstable TCvr, and that DM is the singlet neutral TCb. 

The TCtt in the adjoint of SU(3)tf and the anomalous U(l) singlet are described by the 
hermitian matrix 


n 


^ TTg / \/2 + vrj’/ a/6 Tt/ 7^2 ^ 

TTg — TTg/v^ + 7r°/A/6 7r^“ 

y ?rj 7rJ+ -2ir;/,/6 y 



(67) 


This is as in QCD, but with different charges for the isospin doublets. The effective TCtt 
Lagrangian described in [18] reads 




TCtt 


^ ITr[D^DD^t/^] + 2SoTr[M(D + D/] - ^ 


^TC ~ 2 ^ ~ 


( 68 ) 


where U = (f/)e*F2n// jg TCtt matrix. The second term in the lagrangian describes the 
effect of techni-quark masses, where M = diag(mL, m£,, m^), and Bq is the chiral condensate. 
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Figure 2: Leading logarithmic contribution to the EDM of the DM candidate B\. Internal 
dashed and continuous lines represent respectively 7i2, B 2 states. The gray dot correspond to 
the CP violating tiBB vertex proportional to hi, 62 ? while the other 71 BB vertex is proportional 
to the D and F derivative couplings. 

The last term encodes the effect of the 0 tc angle and U(l) axial anomaly that gives mass to 
the techni- 77 ', ~ a + 0{m). 

The VEV (U) is determined dynamically by minimising the potential. One can conveniently 
look for a solution of the form 


{U) = diag(e-*'^^,e-*'^^,e-*'^^). 


(69) 


The extrema of the potential are determined by the Dashen’s equations: 

xl sin 0L = ^ (6 'tc - 2(j)L - (Pe) , Xe sin ^ (Otc - 2(j)L - (Pe) , (70) 

where we dehned Xe l = ~2mE,LBo. It is easy to check that {U) 7 ^ 1 when 6 *tc 7 ^ 0 and 
techni-quark masses are different from zero. A non-vanishing 9^q modihes the TCtt spectrum 
such that mEx —t rnE,L^^^‘pE,L in the mass formulae and generates CP violating interactions 
among the TCtt. In the limit m'^ 3> (corresponding to ^ a) and neglecting gauge 
contributions one hnds 


r*nc A) T 


Since cos (j)E,L can be negative the effect of ^tc cannot be entirely reabsorbed by redehning the 
techni-quark masses (for example, in real world QCD, the measured pion spectrum is compatible 
with 9 = 0 but not with 9 = tt [20]). 


The spectrum of TCb can be computed with similar techniques. The octet contains 


B 


/ Bl/^/2 + Bl/AO Bf Bf \ 

Bf -BI/A 2 + BAAO Bf- 

\ Bf, B++ -2BAVG / 


(72) 
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where B 2 and B 2 are the analog of the nncleon and the S donblet respectively, B^ of the triplet 
S and B\ of the singlet A. The effective lagrangian for the TCb can be fonnd in [18]. It contains 
the following terms relevant to the present discnssion: 

= Tr[5(0 - mB)B] - 2 (61 Tr[5M,E] + h Tr[55Me]) , 

(0TC - - (I^e) [hTiiBUB] + hTrlBBU]) +..., 

^bbu = -^=^TT[Bj>^^,{D,n)B]-^!^^TT[Bj>^j,B{D,n)]+ ( 73 ) 

where is the common TCb mass generated by the strong interactions and Mg is the techni- 
qnark mass matrix that depends on ^tc angle throngh eq. (69) 

Mg = diag(x^cos 0 L, y^cos^z,, y|cos 0 E). ( 74 ) 


The second line of eq. (73) describes the CP violating interactions indnced by 6*tc relevant for 
the compntation of electric dipoles and the third line contains derivative interactions with the 
TCtt. Dots stand for non-linear terms irrelevant for the present discnssion. All the parameters 
of the effective lagrangian are determined by rescaling QCD data in terms of the dynamical 
scale, 


rrip 

f 


rsj 


8 , 



Trip 


rriB 

rup 


msfci^O.lS, 0.3, 


1.3, 

D ~ 0.6 , F ~ 0.4 


( 75 ) 


where J is the isospin of the TCtt mnltiplet. From the hrst line of eq. (73) the mass splittings 
between TCb dne to techni-qnark masses reads 

ArriB^ = 2(6iy| cos foaxl cos (j)E ), Athb^, = 2(62x1 cos -7 6ix| cos ^e), 

Amsg = 2(61-F62)xicos0z,, = 2/3(xi cos -t-2x| cos0z;)(6i62). (76) 


The LLE states, corresponding to the triplet B^ and the singlet Bi have zero hypercharge. 
Therefore they can be viable DM candidates if they are the lightest TCb. Using the QCD 
valnes of 61 and 62,we hnd that techni-qnark masses always favor B 2 or B 2 ' to be the lightest 
TCb. The nentral LLE state can be the lightest TCb when the mass splitting dne to SM 
gange interactions is more important than the mass splitting dne to techni-qnark masses. This 
can be realised in the symmetric limit xl = Xe = X where techni-qnark masses respect the 
techni-flavor symmetry and the singlet B^ (analog of the A) is most likely the lightest TCb. 

In the limit xl = Xe ^ cb can solve Dashen’s eqnations analytically. The solntion has 
mnltiple branches labelled by the integer n [40], 

A A O ^TC - 2?™ 

<pL = (l)E- 27rn ~--. (77) 

The solntion with minimnm energy has a discontinnity at 6tc = e where it jnmps from n = 0 
to n = 1. This is necessary to restore the periodicity in 6^x0• 
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4.2 Electric dipole of the DM candidates 

We parameterize dipole moments in terms of gyromagnetic factors gM,E as 




egu 
2Mdm ’ 


, _ egE 

"" 2Mdm' 


( 78 ) 


Following [21], to leading order the dipole moments are proportional to the electric charge, 


/i(5) = aTT[BB^Q]+(]T t[BQB^] 


(79) 


where a and (3 are properties of the strong dynamics that, for the QCD-like model, can be 
extracted from the measnred magnetic moments of baryons in QCD. What is different in onr 
context is the charge matrix Q = diag(0 ,—1,1). Flagging in the eqnation above we estimate 
9m^ ~ 2 . 8 . 

The same argnment applies to the EDMs. To estimate the coefficient we proceed as in [18] 
for the compntation of the nentron EDM. The CP violating vertices from the mass terms in 
eq. (73) generate one-loop graphs that contribnte to the EDM. The dominant contribntions 
are given by the logarithmically divergent diagrams represented in fig. 2. Similarly to the 
compntation of the nentron EDM we obtain the estimate. 


9e" - 


3x' 


m 


(Mdm [hi{D + F)-h 2 {D- F)] In X sin 


dvr^/' 


e~ 


TC 


mt 


for 6 *tc < TT. 


(80) 


For 6 *tc ^ 1 nsing the nnmerical valnes in (75) we obtain 


9e 


~ -0.15 


m; 


P 


log^X^TC. 

mi 


(81) 


The discnssion above can be easily generalised to other models. For example the model T = E 
for 77 = 3 has again the same dynamics as QCD. From eq. (79) one can see that the magnetic 
and electric dipole moments of the TCb dark matter candidate (the nentral component of an 
isospin triplet) are zero. 


For different N and IVtf the relevant dynamics can be parametrized in terms of few un¬ 
known parameters that could in principle be extracted from lattice simulations. For TCvr the 
discussion is identical to eq. (68) with a number of Dashen’s equation equal to the number of 
SM representations of the model. TCb are in general described by a tensor of SU(A^tf) -Biii 2 ...*jv 
with the symmetry of Young tableaux as in (13). Their effective lagrangian is constructed writ¬ 
ing all possible techni-flavor invariant combinations of the techni-baryon fields B and B with 
the techni-quark mass matrix M transforming in the adjoint representation of SU(iVTF)- 
For N odd there are two non-trivial invariants: 


Tr[BMB] , Tt[BBM] . 


(82) 


27 








Since the TCvr are in the adjoint representation, other two invariants can be written with 
derivative interactions that do not break the global symmetries. 

For N even, a single invariant can be written down: group theory uniquely hxes the mass 
splitting among TCb up to its overall coefficient. For example, in the model with N = N^-p = 4 
we predict equal mass differences between the TCb. 


5 Phenomenology of Composite Dark Matter 


We here briefly outline the phenomenology of the scenarios with TCb dark matter^. 
This crucially depends on the TCb mass. Cosmology singles out two special values: 


Mdm 


100 TeV if DM is a thermal relic, 

3TeV if DM is a complex state with a TCb asymmetry [15]. 


(83) 


In the first case, the cosmological relic abundance is determined by the non-relativistic annihi¬ 
lation cross-section of TCb, that annihilate into TCvr through strong interactions and to SM 
states through gauge interactions. We can neglect the second sub-dominant effect. Rescaling 
the measured pp annihilation cross-section one finds [11] that the thermal DM abundance is 
reproduced for Mdm ~ 200 TeV. 


5.1 Direct detection of complex Dark Matter 


In various models, the DM candidate is a complex state with V = 0 in the triplet or quintuplet 
representation of 811(2)^. Its weak interactions lead to a direct-detection cross section char¬ 
acteristic of Minimal Dark Matter, which is too small to be observed in the present context 
where the DM mass is around 100 TeV, if DM is a thermal relic. Moreover in various models 
DM is a SM singlet, such that even this cross section is absent. 

The main hope for direct detection of thermal TCb DM relies on the fact that composite 
DM made of charged constituents can have special interactions with the photon, leading to 
signihcant rates of low-energy scatterings. Scalar DM S can only have the dimension 6 inter¬ 
action {S*id^S)di,F^^ or higher, which does not lead to interesting rates. Fermionic DM 4/ 
instead can have dipole interactions as in eq. (65) leading to the following cross section for 
direct detection [22, 23]: 


da 




2 

- 2 

V 


dEn ^ AttEr ' 

where v is the relative DM/nucleus velocity and Er is the nucleus recoil energy. For simplicity, 
we here assumed a nucleus Af with A, Z 3> 1, mass Mj^ Aitin, a recoil energy Er 


Ai TCtt are stable due to accidental symmetries their mass should not exceed few TeV not to overdose 
the universe. The TCtt DM in this case likely dominates and behaves as the minimal dark matter candidates 
studied in [1]. 
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and approximated nuclear form factors with their unit value that holds at small enough Er. 
In the same approximation, this cross section can be compared to the standard approximation 
used in searches for spin-independent DM interactions: 

da _ Mj^asiA^ _ 

^ “ 2/i2n2 ’ + ^ ^ 

We see that the dipole cross sections has a characteristic testable enhancement at low recoil- 
energy Er, arising because the DM/matter scattering is mediated by the massless photon. 
Furthermore, the magnetic-dipole cross section has a characteristic suppression at small v > 
Umin = ^/Mj^fER/2fj?, which could be tested relying on the seasonal variation in the average 
v\ 

We parameterize the dipole moments in terms of their gyro-magnetic and gyro-electric con¬ 
stant qm and qe as in eq. (78). Composite DM generically predicts an order one gyromagnetic 
factor qmi and a possibly sizeable gyro-electric factor Qe ^ /Mi)yi as discussed in 

section 4. 

This means that for Mdm ~ 100 TeV and qm ~ 1 the magnetic effect is 3 orders of magnitude 
below the experimental limit, 

asi < for Mdm > Mv (86) 

lev 

and at the level of the neutrino background, see also [24]. The electric effect is comparable to 
the present LUX bound for qe ~ 0.01 and Mdm ~ 100 TeV, as illustrated in £g. 3a. 

In some models DM has chromo-dipoles, that lead to a similar scattering rate with /Er 
replaced by ^ff/AgcD times a nuclear form factor, which is strongly suppressed at energies below 
Aqcd- Thereby chromo-dipoles do not compete with electric dipoles. 

Some composite DM models predict that DM is a TCb with higher-spin. Spin 1 DM can have 
characteristic spin-dependent interactions which are, however, suppressed by the transferred 
momentum [25]. More interestingly, a composite spin-1 TCb could have a dimension- 
4 interaction with a photon. Even when the lighter TCb is mostly composed of 

neutral SM singlets N, it also contains a small component of charged heavier techni-quarks 
with a momentum asymmetry (an effect analogous to the strange momentum asymmetry in 
nucleons [26]). 

5.2 Direct detection of real Dark Matter 

Techni-baryon DM in SO(iV)Tc gauge theories has novel interesting features compared to 
SU(iV)Tc niodels: there is no techni-baryon number conservation, so DM is a real state with 
no techni-baryon asymmetry. In most golden-class models, the techni-quarks have Yukawa 
couplings to the Higgs. As a consequence the DM candidates TCb with Y = 0 mix with TCb 


29 







Dirac techni-baryon DM Majorana techni-baryon DM 




Figure 3: Predictions for direct detection of Dark Matter. Left: Dirac TCb predicted by 
SU(iV)Tc models to have magnetic and/or electric dipole moments, giving spin-independent 
cross section. Right: Majorana techni-baryons predicted by SO(A^)tc models to have hyper¬ 
charge giving spin-dependent cross section. 


with Y / Q after electro-weak symmetry breaking. The resulting lightest TCb is a Majorana 
fermion for N odd, a real scalar for N even. To illustrate this point, let us consider for example 
the L ® N model with 3 techni-colors. The multiplet of lighter TCb in eq. (54) contains a 
Majorana singlet Iq and a Dirac weak doublet 2±i/2- In view of the Yukawa couplings among 
the techni-quarks, the mass matrix for the neutral TCb components has the form 


lo 

2i/2 

2-1/2 

mio 

Vlv 

Vrv 

Vl'v 

0 


VrV 


0 


\ ; ; ; ■ ./ 


(87) 


where the TCb Higgs couplings y can, in principle, be derived from the Yukawa couplings 
among techni-quarks. The dots refers to other TCb states that are expected to be heavier but 
could still be relevant if they mix signihcantly. 

The mass matrix is analogous to one of the bino and higgsino in supersymmetry. Further¬ 
more, in our scenario TCb have a common mass ms generated by strong dynamics and are 
mildly split by techni-quark masses and gauge interactions: thereby the spectrum resembles 
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the case known as ‘well tempered neutralinos’ [27]. Dne to the mixing with Majorana states, 
the lightest DM TCb is a Majorana fermion. This signihcantly changes the phenomenology 
of direct detection: a Majorana fermion can neither have vector couplings to the Z, avoiding 
the severe constraints from spin independent cross section, nor dipole moments, removing the 
signals discussed in section 5.1. However, Majorana technibaryon DM y can have an axial 
coupling to the Z, 


— gAZn 


92 Xlf^lbX 


( 88 ) 


COS 2 

that leads to a spin dependent cross-section with the nuclei. Using the present LUX bound [28] 


(JsD < 1.7 10 ^^MDM/TeV, one hnds 


\9a\ < 1.2 ( 89 ) 

The situation is illustrated in £g. 3b. 

This is a significant constraint only if the mixing angle among states of different hyper 
charge is large so that qa ~ 0{1). This situation is achieved for 


Am = |m 2 i /2 - mij <yv. (90) 

Even assuming negligible techni-quark masses, SM gauge interactions split singlets and doublets 
by a few per cent: 

Am ~ 0.03 X rriB- (91) 

dvr 

For a TCb mass around 100 TeV the condition (90) is unlikely to be realised: in the opposite 
regime Am 3> yv the lightest TCb has suppressed coupling to the Z, 

y‘^v^ 

Another effect of phenomenological relevance can arise if m 2^/2 ^ ^lo- ^^is case the lighter 
complex doublet splits into two real states, with a mass difference ~ y‘^v‘^/Am. The 

Z gives a tree level coupling between the real mass eigenstates, becoming irrelevant for direct 
DM searches if Am 2 j /2 ~ keV. A smaller mass difference can be obtained for y 10 ^ and 
gives rise to inelastic DM phenomenology [29]. 


5.3 Higgs-mediated direct detection of Dark Matter 

In both cases (real and complex DM) many golden-class composite DM models contain Yukawa 
couplings to the Higgs in order to break species number symmetries that would lead to unwanted 
stable particles. Such Yukawa couplings give rise to an extra Higgs-mediated contribution to 
the spin-independent cross section for direct DM searches, given by 
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gauge 

Techni-quark 


Techni-pion content under SU(2)£, © 

U(l)r 


group 

content 

lo 

l±i 

1±2 

2±1/2 

2±3/2 

3o 

3±i 

4±1/2 

5o 

SU(Y)tc 

V 






1 stable 



1 


N®V 

1 





Sstable 



1 


N®L 

1 



1 


1 





N®L®E 

2 

1 


2 


1 





V®L 

1 



1 


2 


1 

1 


V 

2 



2 


2 

1 

1 

1 


U © L © Y 

2 



2 


4 


1 

1 


N © L © L 

2 

1 


2 


2 

1 




N ® L ® L ® E 

3 

2 


3 

1 

2 

1 




N ® L® E ®V 

3 

1 


3 


4 

1 

1 

1 


N®L®L®E®E 

4 

3 

1 

4 

2 

2 

1 



SO(Y)xc 

V 









1 


L®N 

1 



1 


1 

1 




N®V 

1 





1 stable 



1 


L®V 

1 



1 


1 

1 

1 

1 


L®N®E 

2 

1 

1 

2 

1 

1 

1 




L®E®V 

2 


1 

2 

1 

1 

2 

1 

1 


L®N®V 

2 



2 


2 

1 

1 

1 


L®N®V®E 

3 

1 

1 

3 

1 

2 

2 

1 

1 


Table 4: Techni-pion content of color neutral golden-class composite DM models. 


for DM with any spin. Here /at ~ 0.3 is a nnclear form factor, v ~ 174 GeV is the Higgs vev, 
and pdm is the dimension-less conpling of the TCb DM candidate with mass MDM(h) to the 
higgs, dehned as 


_ 


(94) 


and ronghly given by the Yukawa couplings of the Higgs to techni-quarks. The size of these 
Yukawa couplings is unknown. The LUX bound on asi implies (^dm < \/ Mdm/75 TeV. 


5.4 Techni-pions at colliders 

As explained in eq. (83), cosmology suggests two possible values for M^m- 100 TeV or 3 TeV 
depending on whether DM has a TCb asymmetry. In both cases TCb DM is out of reach from 
LHC. Furthermore, DM production at colliders gives missing energy signals which, especially 
at hadron colliders, can be undetectably below the neutrino background. 
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Composite DM models predict a richer collider phenomenology: a general prediction is the 
existence of many resonances of various spin charged under the SM and with quantum numbers 
that can be determined from the ones of the constituents. Techni-pions are the lightest states in 
the theory so they are the most promising particles to be produced at colliders®. The anomalous 
coupling of some TCtt with SM vectors V gives rise to single production of TCvr, V* —)■ ttV 
and V*V* —)■ tt. Techni-pions can also be produced in pairs via their SM gauge interactions, 
with cross sections determined by their gauge quantum numbers and summarised e.g. in [30]. 
SM gauge interactions and techni-quark masses determine TCtt masses as in eq. (11) and (12). 
For an electro-weak triplet 3o the gauge contribution alone is O.IMdm in a QCD-like 

SU(3)tc. 

The two values for Mdm, 100 TeV or 3TeV, correspond to M^g ^ lOTeV (signihcantly 
above LHC capabilities) or M^g ^ 300 GeV (observable at LHC). 

The only exception to the rule above is TCtt SM singlets r] that do not receive mass from SM 
gauge interactions. Their mass is entirely determined by the constituent techni-quark masses, 
such that these TCtt could be very light. Usually such singlets undergo decays into pairs of SM 
gauge bosons through chiral anomalies [2]; when present their axion-like couplings to photons 
provides a mild constraint on their mass (that need to be larger than a keV) and a production 
mechanism at colliders. 

Each composite DM model predicts a distinctive set of TCtt, as summarised in table 4. 

The collider TCtt phenomenology can in principle discriminate golden-class from silver-class 
models [31]. In both cases TCvr without species number undergo anomalous decays into pairs 
of SM weak vectors, 

TTio, TTso, VTso ^ WW, ZZ, 77 (95) 

(models with coloured TCtt, omitted from table 4, also predict anomalous decays into gluon 
pairs). In models with G-parity (T = V) the Ti^g is stable. Techni-pions made of different 
species decay via couplings that violate species number. 

In silver-class models such couplings are provided by higher dimension operators involving 
SM particles (for example 4-fermion operators), giving decays into such SM particles. If these 
operators are suppressed by a large scale, the decay is slow leading to displaced vertices or 
apparently stable particles on collider length scales, see [2] for a detailed discussion. 

In golden-class models, species number and G-parity can be broken by Yukawa couplings 
with the SM Higgs boson. As a consequence, TCvr made of different species undergo decays 
into same specie TCtt (possibly off-shell) emitting one or more Higgs doublets H. For example 
a doublet with Y = 1/2 and a singlet with Y = 1 can decay as 

712^^2 ^ii HH-Kig (96) 

^Heavier spin-l resonances can be singly produced through the mixing with SM gauge bosons. They will 
then mostly decay in pairs of TCtt. 
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Figure 4: Electron dipole moment generated by complex Yukawa couplings of techni-guarks, 
neglecting techni-color interactions (left) and including techni-color interactions (right). 


and TTig in turn decays into SM bosons through anomalies. Thereby, unlike in silver-class models, 
the SM fermions exhibit peaks in their invariant-mass distributions at the h, PF, Z masses (the 
Goldstone components of the Higgs doublet become the longitudinal components of the IF, Z 
vectors) [31]. 

In models with Yukawa couplings the lighter technipions could also give interesting correc¬ 
tions to precision observables. The loop corrections to electro-weak precision tests are universal 
and can be encoded in the 5, T,1F, F parameters [35], that can be computed generalising sec¬ 
tion 2.1 of [36], finding corrections of order Concerning precision Higgs physics, 

h —)■ 77 gets corrected as [37] 


r(A^77) 

T{h 77)sm ^ m^Cn, 


(97) 


where v ~ 174 GeV is the Higgs vev and ghu is the trilinear coupling between the Higgs boson 
and the techni-pion mass eigenstate i with electric charge qi and mass mTc-Ki (here assumed to 
be much heavier than for simplicity). The elemenatary Yukawa couplings yhfTT give rise 
to cubic interactions such us ?/Atc Hii 2 'n'z which generates ghn ~ 2/^Atc in the formula above. 
This effect might only be relevant in the asymmetric scenario where TCvr can be as light as few 
hundred GeV. A comprehensive study of precision observables will appear in [31]. 


5.5 Electron electric dipole 

Many models contain Yukawa couplings of techni-quarks with un-eliminable complex phases, 
generating electric dipole moments for light SM fermions. Let us consider for example the 
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model '^ = L + V with SO(iV)Tc- The techni-quark Lagrangian contains schematically®, 

rriLlL + ^VV + VlHWL + y^HVL + h.c. (98) 


It contains one physical CP-violating phase corresponding to arg [mLTnvyLyji]- Ignoring techni¬ 
color interactions, an EDM is generated through the diagrams in the left panel of fig. 4, giving, 
in leading log approximation [38], 


d,~NeQf 1„ V- 


Ihvr^ mirriv 


m 


H 


For the electron one hnds 


, -27 T r 1 ^ TeV2 

de ~ 10 ecm X ImlyLyn] x — x - 

3 rriLmv 


(99) 


( 100 ) 


to be compared with the experimental bound de < 8.7 X 10-2® ecm at 90% C.L [39], 

However, the approximation of neglecting technicolor interactions is only reliable for rriLy > 
Atc- In fhe more interesting regime < Atc techni-color effects cannot be neglected and 
the loops will be dominated by the hadrons of the theory, as depicted in the right-handed panel 
of fig. 4. A detailed study will appear in [31]. 


5.6 Gravitational waves 

Conhning gauge theories can give rise to hrst order phase transitions. For SU(A^) with A^tf 
massless flavours this is believed to happen in the window 3 < A^tf < 4A^ and N > 3 [32] . The 
phase transition occurs, within our framework, at a temperature T ~ Atc (in the thermal dark 
matter scenario Atc ~ 0(10 TeV)) and can lead to large anisotropic fluctuations in the energy 
momentum tensor sourcing the gravitational waves (GW) in the early universe. Following [33], 
we estimate the frequency of the peak in the GW signal as a function of the phase transition 
temperature T as: 

/peak = 3.3 X 10“^ Hz X ( Z X f (101) 

Jpeak VlOTeV/ \10HJ ^ ’ 

where (3 is the duration of the phase transition which is usually taken in the range 1-100 of 
a Hubble time H . For the reference values of the parameters, the amplitude of the expected 
GW signal is ~ 10“® [33] which is in the range that can be probed by future satellite 

experiments such as (E)LISA [34]. 

® The structure is analogous to the Higgsino/wino system in split-supersymmetry [38]. The same would 
work for SU(V) models with the difference that the triplet would be a Dirac fermion. 
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Figure 5: Left; General analysis of unification, as described in the main text. We show contour¬ 
lines of Mqut'/ GeV (Mx/At^c) (blue). Right; Running of the gauge couplings in the 

golden-class SU(3)tc rnodel ^ = Q ® D. 


5.7 Unification of SM gauge couplings 

Throughout the paper we assumed that techni-quarks belong to fragments of unified SU(5) 
representations. We here study if they can improve unification of SM gauge couplings. The large 
number of independent masses allows for considerable freedom; we make the extra assumption 
that the missing members of the unified SU(5) multiplets have a common mass Mx, below 
the GUT scale and above the TG scale Atc- Furthermore we make the rough assumption that 
the strong dynamics does not contribute to the running of the SM gauge couplings below the 
Atc ~ 100 TeV, ignoring threshold effects including those of TGvr. With this mass ordering, 
in 1-loop approximation the running of gauge couplings is given by 
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where Abi is the contribution from techni-quarks (listed in table 1), and Ab is the contribution 
from the full SU(5) multiplets above Mx- The three unification conditions determine the values 
of the three high-scale parameters acuT, and Mx- Inserting the SM values we find 
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Fig. 5a shows contour-values of Mgut/ GeV (dotted red lines) and of M^/Atc (blue dashed 
lines) as function of A 621 = A 62 — A&i and of A 632 = A 63 — Ab 2 . The dots in the hgure are 
the grid of /3-function coefficients allowed by SU(5) group theory [41], and the arrows are the 
contributions to (A& 32 ,A 62 i) from the fragments of SU(5) representations listed in table 1. 
The total /3-function coefficient in any given model is obtained summing the contributions of 
each techni-quark taking into account their techni-color multiplicity N. 

We see that models that can provide successful unihcation must contain a G or a Q in order 
to obtain the desired sign of A 62 i- For example: 

• The golden-class SU(3)tc model T = Q (B D, with techni-quarks coming from unihed 
5 © 10 -f h.c. multiplets of SU(5), provides successful unihcation 

acuT ~ 0.06, Mgut ~ 2 x 10^' GeV, Mx ^ 2 x 10^^ GeV x (104) 

100 lev 

having assumed Atc ~ 100 TeV. The running of the couplings is shown in £g. 5b. 

• The golden-class SO(3)tc model 4/ = V, with V coming from an adjoint of SU(5), 
provides 

ctgut ~ 0.065, Mgut ~ 3 x 10^^ GeV, Mx ^ 4 x 10^ GeV x (105) 

100 lev 

Such a low unihcation scale would be excluded by proton decay. However, given the large 
uncertainties (we performed a one-loop analysis, ignoring threshold ehects that could be 
sizeable at the technicolor scale, in view of the light TGvr) such a model could still be 
viable. 

• The silver-class SU(3)tc model with T = Q©Z3©f/©L coming from 5 © 10 + h.c. 
multiplets of SU(5). We have, 

ogut ~ 0.085, Mgut ^ Mx ^ 4 x 10^^ GeV (106) 

having assumed Atc ~ 200 TeV. The DDU TGb can provide the observed Dark Matter, 
as discussed in appendix B, model 4/ = D (BU. 

6 Conclusions 

Extensions of the SM with new strong interactions are interesting from the point of view of Dark 
Matter. First, they naturally provide new stable particles, thanks to accidental symmetries 
analogous to baryon number that guarantees the stability of the proton within the SM: DM 
could be the lightest techni-baryon (TGb) or techni-pion (TGvr). Second, the lightest among 
the many TGb tends to be the one with least SM gauge interactions, thereby explaining why 
DM has no color, no electric charge, and at most a small hypercharge. 
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The models that we propose are compatible with all present bound from collider and preci¬ 
sion experiments because, with techni-quarks in a real representation of the SM gauge group, 
the new strong interactions do not break the electroweak symmetry. The Higgs doublet is ele¬ 
mentary and we do not address the hierarchy problem here. We use the old name ‘techni-color’ 
in order to emphasize that we do not postulate desired good properties of effective Lagrangians. 
On the contrary, we propose fundamental theories where all the good properties follow from 
an appropriate choice of the quantum numbers: a concrete ‘techni-color’ gauge group and a 
concrete set of techni-quarks. 

In the simplest ‘golden-class’ of models, everything follows from a renormalizable Lagrangian. 
In ‘silver-class’ models, mild assumptions on non-renormalizable interactions are needed in 
order to break accidental symmetries and get rid of unwanted stable particles. The list of 
‘golden-class’ models is meant to be exhaustive, within some assumptions: no techni-scalars, 
only techni-fermions that transform in the fundamental representations of the technicolor gauge 
group, and in representations of the SM gauge group which are compatible with SU(5) unihca- 
tion. We found successful models with both SU(iV)Tc and SO(iV)Tc techni-color groups. We 
did not explore exceptional groups. 

In SO(iV)Tc theories DM is a TCb, stable thanks to a Z 2 = 0(iV)/S0(iV) symmetry: 
there is no conserved techni-baryon number, such that DM is a real particle (a Majorana 
fermion for odd N, a real scalar for even N) with no TCb asymmetry, no magnetic nor electric 
dipole. Assuming that its cosmological abundance comes from thermal freeze-out of techni- 
strong annihilations into TCtt, the DM mass is expected to be around 100 TeV. TCb mix 
once the Higgs boson acquires its vacuum expectation value (somehow analogously to the 
Wino/Bino/Higgsino system in supersymmetry), giving the following phenomenology: in some 
regions of the parameter space DM can have an axial coupling to the Z, detectable in direct- 
detection signals; in other regions of the parameter space it behaves as inelastic DM. 

In SU(A^)tc theories, the lightest TCb is a complex particle, stable thanks to conservation 
of an accidental U(1)tc techni-baryon number. The DM mass could again be around 100 TeV: 
a Dirac fermion however can give sizable magnetic and electric dipole moments, giving direct- 
detection cross-sections enhanced in a characteristic way at low recoil energy with respect to 
the case of a standard spin-independent cross section. A large ^xc-angle of the new strong 
sector can give an electric dipole such that direct detection is just below present bounds; while 
a magnetic dipole cross section (suppressed at low DM velocities) is within the capabilities of 
future direct detection experiments. Alternatively, the cosmological DM abundance could be 
due to a TCb asymmetry, with a DM mass around 3 TeV. 

In both cases, successful DM models often need Yukawa couplings with the Higgs boson 
in order to break unwanted techni-flavor symmetries, leading to extra spin-independent direct 
detection signals. CP-violating phases also lead to a possibly detectable electric dipole moment 
for the SM particles, such as the electron. 

In some models composite DM has spin 1 or higher. 
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Concerning collider experiments, each model predicts a distinctive set of techni-pions, sum¬ 
marised in table 4, which are at most a factor 10 lighter than DM itself, than techni-baryons 
and than other vector composite resonances. Some techni-pions undergo anomalous decays 
into SM vectors (and can be singly produced via the inverse process), others decay into lighter 
techni-pions (and can be doubly produced via their SM gauge interactions) emitting one or 
more Higgs doublets (i.e. h, W, Z), or, in silver-class models, emitting other SM particles. 
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A Computing techni-baryons 

In section 2.1 we computed the multiplets of lighter TCb in SU(A)tc models. The SM gauge interac¬ 
tions break explicitly the techni-flavor symmetry: here we outline how we compute the decomposition 
of the lightest TCb multiplet under the SM gauge group. We label the SM quantum numbers of each 
state under SU(3)c(8) SU(2)i(8) U(l)y as (nc,nL)y. 

Let us hrst consider SU(3)tc theories with two species: 'k = Ti -|- '£' 2 . Models with more species 
can be solved by iteration. The lightest TCb £11 a representation of the techni-flavor group 
SU(di -|- d 2 )TF) where di ,2 are the dimensions of the 'ki _2 SM representations. We proceed in steps: 
first decompose the TCb multiplet under S\J{di) x S\J{d 2 ), with the embedding {di, 1) © (1, ^ 2)1 then 
decompose each component under the SM group and finally identify the SU(3)c and SU(2)i factors. 
From the first step we get: 

P “ (B ’ ^)2yi+y2 ® (^ ’ B)2y2+yi ® ’ ®)2yi+y2 ® (® ’ 2y2+yi ® (P ’ ay ® ’ BB)sy?' 

The last two terms (^,1), (l ,B®) correspond to TCb made only by Ti or ^2 respectively and 
they reduce to one specie problems. The first four terms describe TCb composed of both species. For 
example, (B’®) 2 yi+y 2 describes TCb made of 'ki'ki'k 2 . 

We next decompose each component on the right hand side of eq. (107) under the SM gauge group. 
This can require non-trivial group theory computations: for example a techni-quark V (triplet under 
SU(2)i) lies in the fundamental representation of techni-flavor SU(3)tf: TCb he in higher represen¬ 
tations of SU(3)tf that need to be decomposed under S\J{2)l. In general, we need to decompose 
a given representation with K boxes of SU(ncn 2 ,) under SU(nc) x SU(nL), where the fundamen¬ 
tal of SU(recU 2 ,) is now embedded as (ncn^). This can be done writing all the representations of 
SU(nc) and SU(ni) with K boxes. From group theory we know that each tableau is associated with 
a representation of the permutation group Sk with a given symmetry. Then {Di,D 2 ) appears in 
the decomposition if the product of Di and D 2 representations contains a component with the Sk 
symmetry of the initial representation. Here is the decomposition of the two-index symmetric and 
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antisymmetric tensors under SU(nc) and SU(nL): 

B= (B’™) ® (™’B) m= (g,g) © (m,m). (108) 

To be concrete, consider the techni-quark T = (3,2). The decomposition of the two index tensors 
above under SU(3)c x S\J{2)l become: 

g= (6,1)© (3,3), m= (6,3)©(3,1). (109) 

If with respect to any SM group factor the techni-quarks transform in a representation rii higher than 
the fundamental, we can embed it into the fundamental of SU(ni) and decompose representations of 
this larger group under the SM group. For example in the T = F model, the techni-quark is a vector 
of SU(2)/,: we can think of the two-index symmetric 3 of SU(2)i as the fundamental of SU(3) into 
which SU(2) is embedded symmetrically. With simple group algebra we find: 

SU(3) : 3x3 = 6©3, 3x3 = l©8 

SU(2) : 3x3 = l©3©5, (110) 

from which we get the decomposition rules 6 = 5 © 1 and 8 = 5 © 3 for the SU(3) representations 
under the SU(2) group. 

After this step, each state in eq. (107) is labeled by the quantum numbers (uci, nLi,nc 2 ,'nL 2 )Y- To 
obtain the final representation under the SM group we have to identify SU(3)c and S\J{2)l factors, 
taking the tensor product Uci © nc 2 and © nL 2 - 


For SU(4 )tC) we can proceed analogously. First, we decompose the lightest TCb multiplet of 
SU(di + fi 2 ) under SU(di) x S\J{d 2 )- 


- (P’®)3Yi+y2 ® (B’B) 


’2Y2+2Y1 


(M , ^^)2Yi+2Y2 ® (® ’ BB) 


yi+SVa 


(_’ ^)4Yi ® ’_) 


' 4^2 


( 111 ) 

then we decompose each representation under the SM group and identify the SU(3)c and SU(2)i 
factors respectively. 


As discussed in section 3.1, the SO(A’)tc theories can be analyzed starting from the results of the 
SU(A')tc models. 


B Silver-class composite DM models 

We here list silver-class SU(V)tc and SO(A')tc models restricted for simplicity to V = 3,4 techni¬ 
colors and Ns < 2 species of techni-quarks. These models satisfy TC asymptotic freedom and do 
not give rise to sub-Planckian Landau poles. But, besides to acceptable DM candidates, they give 
rise to unwanted stable states, that are TCvr with hypercharge or color, stable because of accidental 
symmetries such as species number or G-parity. They can be made unstable with extra model building, 
for example adding higher dimension operators that break the accidental symmetries, as explained in 
section 1. 
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B.l SU(A/^)tc silver-class models 

SU(iV)Tc model ^ = N®E 

This model has Ns = IVtf = 2. TCtt fill the adjoint of SU(2 )tf: 

TCtt : 3 = lo,±i under SU(2)i (g) U(l)y. (112) 

TCtt made by both techni-quarks have non zero hypercharge and are stable because of species number. 
If we want to make the model phenomenologically viable, we need to break species number by ad hoc 
assumptions. For N = 3, the lightest TCb live in the fundamental of SU(2 )tf; that is 

TCb ; 2 = l±i under SU(2 )l x U(l)y. (113) 

The DM candidate is the spin 3/2 singlet NNN* that belongs to the symmetric representation Ml 
of SU(2 )tf- It can be the lightest TCb if ruN <C niE- The same conclusion is valid for N = 4, where 
the DM candidate is the spin 2 singlet NNNN* that lives in the symmetric representation III of 

SU(2)tf- 

SU(iV)Tc model ^ = E Q) E 

This model with Vtf = 2 can give rise to a neutral TCb for N = 4. It presents a Landau pole for gy 
slightly above the Planck scale and gives rise to the following TCtt 

TCtt ; 3 = lo ,±2 under SU(2)2,(8) U(l)y . (114) 

The 1±2 TCtt made by both species are stable, so that we need to break species number. The model 
gives only one lighter TCb, that is a SM singlet made by EEEE and is a good DM candidate. 

SU(iV)Tc model 'F = L © Z 

The TCtt of this model with Nyp = 4 are: 

TCtt: 15 = 1o,±i © 32xo,±i under SU(2)L©U(l)y (115) 

where states with hypercharge are stable, unless the species number symmetry is broken. Analogously 
to the previous model, it can provide a DM candidate for N = 4, where the lighter TCb fill a 20' of 
811(4)^, that decomposes as 

TCb : 20'= l 2 xo,±i ,±2 © 3o,±i © 5o under SU(2 )l © U(l)y . (116) 

The list contains two singlets LLLL that are good DM candidates. 
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SU(iV)Tc model = L ® E 


This model, studied in detail in section 4.1, has IVtf = 3 and for N = 3 gives rise to the successful 
DM candidate LLE. In this case, both TCtt and TCb live in the adjoint of SU(3 )tF; that decomposes 
as 

8 = lo © 2 ± 3/2 © 3o under SU(2 )l x U(l)y . (117) 

TCvr made of LE are 2 ^ 3/2 states, stable because of the unbroken species number symmetry. One 
can get rid of the unwanted stable particles by ad-hoc model building, breaking accidental symmetries 
with higher dimensional operators or adding new particles. For example one can add a scalar doublet 
H' with |y| =3/2 such that the Yukawa coupling H'LE is allowed. 

The TCb DM candidate is the singlet LLE. As explained in section 4.1, techni-quark masses favor 
LLL or LEE as the lightest state, so that the LLE singlet can be the stable DM candidate if gauge 
interactions contribute to mass splitting more than techni-quark masses. 

SU(iV)Tc model = V ® E 

This model with IVtf = 4 is allowed only for N = 3 and gives rise to the following TCtt: 

TCtt : 15 = lo © 3o,±i © 5o of SU( 2 )f © U(l)y (118) 

with the 3±i states stable because of species number. The lightest multiplet of TCb decomposes as 

TCb: 20 = li © 3o,i,2 © 5o,i under SU(2)F©U(l)y (119) 

and the DM candidate is the triplet made by VVV. 

SV{N)tc model ^ = D ® N, ^ = U ® N and ^ = Q ® N 

We can study together the first two models (A^tf = 4) defining Y = 1/3, —2/3 for D and U respectively. 
For the T = D(C/) © models we get the following TCvr: 

TCtt : 15 = Iq © 3y © 3_y © 80 of SU(3)c © U(l)y . (120) 

Analogously, for the 'if = Q ® N (IVtf = 7) model we get: 

TCvr: 48 = (1, l)o © (1, 3)o © (3, 2 ) 1/5 © (3, 2)_i/6 © ( 8 , l)o © ( 8 , 3)o (121) 

of SU(3)c © SU(2 )f © U(l)y. Because of species number symmetry, we have stable TCvr with color 
and/or hypercharge, so that we need to break this accidental symmetry to avoid the strong experi¬ 
mental bounds. As in the other models containing the singlet N, the TCb DM candidate is an higher 
spin state made only by N techni-quarks. For N = 3 and = 4 it has spin 3/2 and 2 respectively 
and it can be the lightest if the other techni-quark is sufficiently heavier. 
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SU(iV)Tc model ^ = D®V,^ = U ®V 

As before, we study together the two models defining Y = 1/3, —2/3 for D and U respectively. Because 
of the presence of the techni-quark V, these models are allowed only for N = 3. They have = 6 
and give rise to the following states: 

TC7r:35 = (1, l)o © (1,3)o © (3, 3)v © (3, 3)_y © (1, 5)o © (8, l)o 

TCb : 70 = (3, l)y © (1, 3)o © (3,3)y © (3, 3)2y © (1, 5)o © (3, 5)y © (8, l) 3 y © (6, 3)2y (122) 

under SU(3)c ® SU(2)i © U(l)y. We need to break species number in order to avoid stable TCtt 
made by both species that are colored and have hypercharge. The DM candidate is the triplet VVV : 
from the DM point of view these models are a trivial extension of the T = 1/ model described in 
section 2.2. 

SU(A1)tc model = D®U 

This model has Atf = 6, so the TCtt live in the adjoint of SU(6 )tf: 

TCtt; 35 = 1 o,±i © 82 xo,±i under SU(3)c ® U(l)y . (123) 

TCvr with non zero species number are colored and have hypercharge, so we need to break the species 
number symmetry. The model gives a good TCb DM candidate for N = 3, where the lightest TCb 
are 

TCb: 70 = lo,-i © 82 xo,i, 2 x(-i ),-2 © 10o,-i under SU(3)c © U(l)y , (124) 

and the DM candidate is the singlet made by DDU. 

B.2 SO{N)t:c silver-class models 
SO(A1)tc model '^ = E 

This model has Vtf = 2 and it is free from Landau poles up to V = 8. The unwanted stable TCtt 
are singlets with Y = ±2. The model can provide a TCb DM candidate for even N. For N = A, there 
is only one TCb with spin 0 that is a singlet and thus a good DM candidate. 

SO(A1)tc model 'A/ = E ® N 

This Vtf = 3 model does not allow for Yukawa couplings and contains unwanted stable TCvr with 
hypercharge, that belongs to the 5 of SO(3 )tf: 

TCtt : 5 = lo,±i ,±2 of SU(2 )l © U(l)y . (125) 

The model can be extended up to iV = 8. For N = 3 the lightest TCb is a singlet NEE that lives in 
the □ representation of SO(3 )tF) while the heavier TCb are 

TCb : P = 5 = lo,±i ,±2 of SU(2 )l© U(l)y . (126) 

For N = 4, the DM candidate is a singlet linear combination of EENN and EEEE. In this case the 
~n representation is absent, so the full set of TCb is already specified. 
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SO(iV)Tc model = E ®V 

In this model A^tf = 5 so that TCvr compose a 14 of SO(5 )tf that is 

TCtt : 14 = lo,=t 2 © 3±i © Sq of 811(2)^, ® U(1)f ; (127) 

where the states with hypercharge, made by EE, EE or EV, EV are stable. Extra assumptions are 
needed to break the accidental symmetries and remove unwanted stable states. The model is valid 
up to = 7. For N = 3 the TCb DM candidate is the 3o state V{EE + VV) belonging to the 
representation □ of the unbroken flavor group. The other TCb are: 

TCb : = 35 = l±i © 32x0,±i ,±2 © 5o,±i of SU(2)x, ® U(l)y . (128) 

For N = A the DM candidate is a singlet (EE + VV)'^, while the remaining TCb are given by 

TCb :_= 35 = lo © 3o,±i © 5o,±i,±2 of 811(2)^, (g) U(l)y , (129) 

plus a set of states living in the same representations as the TCtt above. 

SO(A1)tc model ^ = L 

This model has A^tf = 4, the TCvr lie in a 9 of 80(4 )tf that decomposes as 

TCtt: 9 = 3±i © 3 o under 8U(2 )f (g) U(l)y. (130) 

TCtt made by LL and LL have non zero hypercharge and are stable because of accidental U(l) species 
symmetry. The extra physics needed to avoid unwanted stable TCvr can be nicely realised considering 
the golden-class model 4' = L © A^ in the limit where mw 3> AyC) such that the (LH)^ effective 
operator is generated at low energy. 

TCb can contain a DM candidate for N even. For A^ = 4, this is the singlet (LZ)^. The other 
TCb that need to be specified are 

TCb : FA = 10 = 5o © l±2,±i,o under 8U(2)y © U(l)y . (131) 

Landau poles are avoided for N < 14. 

SO(A1)tc model ^ = L Q) E 

This model with A^yp = 6 allows for two Yukawa couplings, leaving an unbroken U(l) species number, 
rotating L, E with a common phases, and Z, E with the opposite phase. Thereby TCtt made by LE, 
LE are stable and have hypercharge ±3/2. The full list of TCtt is: 

TCtt : 20 = l±2,o © 2±3/2,±i/2 © 3±i,o under 8U(2)y © U(l)y . (132) 

Again, we need to break the unwanted accidental symmetry in some way. The techni-color theory 
is asymptotically free only for A^ > 4 and sub-Planckian Landau poles are avoided for A1 < 5. The 
model gives a singlet TCb DM candidate for N = A, that is (LZ ± EE)'^. To obtain the full list of 
TCb we need to decompose the multiplet of heavier TCb under 8U(2)y © U(l)y: 
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SO(iV)Tc models ^ = U,^ = D 

We study the two models jointly, defining Y = —2/3 for ^ = U and Y = 1/3 for ^ = D. The model 
is asymptotically free for iV > 4 and Landau poles are avoided up to = 6 for U and to = 14 for 
D. In both cases A^tf = 6 and TCvr lie in the 20 of SO( 6 )tf that decomposes as 

TCtt : 20 = 8 o © ^ 62 y © h.c.^ under SU(3)c © U(l)y. (134) 

Because of the U(l) accidental symmetry there are unwanted stable colored TCvr made by DD or 
UU. The models provide singlets TCb DM candidates only for even N. For N = A the full TCb list 
contains the multiplet 

TCb : TL = 84 = lo © 8 o © 27o © (32y © 64 y © 152 y^ under SU(3)c © U(l)y. (135) 

SO{N)'j'c models "A/ = D Q) N, "A/ = U Q) N 

A trivial extension of the previous models is given by the At © D and At © ?7 models, with At^p = 7. 
They give rise to an extended list of TCvr: 

TCvr ; 27 = Iq © 8 o © ^3_y © 6 _ 2 y © h.c^ under SU(3)c © U(l)y , (136) 

where the extra state made by N and D or U are unwanted stable particles. For At = 4 the lightest 
TCb DM candidate is again a singlet, made by DD{DD + NN) or UU{UU + AtAt). 

SO(At)Tc models = D ®V, = U ®V 

These are less trivial extensions of the D and U models, with Atyp = 9. The list of TCtt is 

TCtt : 44 = (1, l)o © (1, 5)o © ( 8 , l)o © ((3, 3)_y © ( 6 , l)_ 2 y © h.c.) (137) 

under SU(3)c© SU(2)i© U(l)y, including stable unwanted states with color and hypercharge. Asymp¬ 
totic freedom requires At > 4, the model can be extended up to At = 7 for D © D and up to At = 6 for 
U ®V. For At = 4, the lightest TCb DM candidate is a singlet {DD + VV)"^ or {UU + VV)'^, while 
the heavier TCb contain the multiplet 

TCb : ffl = 495 = 2 X (1, l)o © (1,3)o © (1,5)o © 2 x (8, l)o © (8,3)o,3y © (8,5)o © (27, l)o 
©(^(3, l)2y © (3,3)2y,2x-y © ( 6 , l)2y-4y © (3,5)_y © ( 6 , 3)_y © ( 6 , 5)2y 
©(15, l) 2 y © (15,3)_y © h.c.^ under SU(3)c © SU(2)i © U(l)y . (138) 

SO(At)'p(-. models ^ = D Q) E 

This model with Atxp = 8 is valid from A^ = 4 up to At = 6 , while the analogous model U(BE suffers by 
a sub-Planckian Landau pole for gy- The decomposition of the TCvr multiplet under SU(3)c© U(l)y 
is 

TCtt : 35 = l 2 xo ,±2 © 8 o © ^ 32 / 3 ^_ 4/3 © 6 _ 2/3 © h.c.^ . (139) 


45 



The list includes stable TCtt with color and hypercharge, so that we need to break the accidental 
symmetries to remove unwanted stable particles. For N = 4 the DM candidate is a TCb singlet 
(DD + EE)'^. To complete the list of TCb we need the decomposition of the multiplet 


TCb : 


under SU(3)c(8) U(l)y. 


300 — 3 X lo © 85 xo, 2 x(± 2 ) © 27o © (^ 34 x 2 / 3 ,2x(- 4 / 3 ) 

© 63 / 3 ,2x2/3,3x (-4/3) ® 152x2/3,-4/3 © h.C. j 


(140) 


SO(A1)tc models = D © L and = 7/ © L 

These models can be analysed jointly defining T = 1/3 and Y = —2l?> for D and U respectively. They 
are characterized by A^tf = 10, the model with D is allowed for 4 < < 9, while the model with U 

is allowed only for N = 4. TCvr fill a 54 dimensional representation of SO(10 )tf: 

TCvr : 54 = (1, l)o © (1, 3)o,±i © (8, l)o © ((3, 2)y2-Y,-i/2-Y © (6, l)2y © h.c.) (141) 

under SU(3)c® SU(2 )f© U(l)y. Accidentally stable TCtt have color and/or hypercharge, so that we 
need to break these accidental symmetries to make the model phenomenologically viable. The lightest 
TCb for A" = 4 is a singlet (DD + LL)^ or (UU + LL)^ and it is a good DM candidate. The set of 
heavier TCb contains the following states 

TCb : 770 = (1, l)4xo,2x(±i),±2 © (!> 3)2xo,±i © (1, 5)o © (8, l)3xo,±i © (8, 2)±(i/2+3y),±(i/2-3y) 

©(8, 3)2x 0,±1 © (27, l)o © (^(3, l)l+ 2 y, 2 x 2 y,-l+ 2 Y © (3, 2)3/2_y,3x(l/2-y),3x(-l/2-y),-3/2-y 
©(3,3)2y © (6, l)2y,-4y © (3, 4)i/2-y,-i/2-y © (6, 2)i/2-y-i/2-y © (6,3)i+2y,2y,-i+2y 
©(15, l)2y © (15, 2)i/2-y,-i/2-y ® h.c.^ , (142) 

under SU(3)c © SU(2 )l© U(l)y. 


SO(A)tc models = G © A and = G © A 

These are simple extensions of the 'k = G model described in section 3.2, with Ayp = 9 and App = 10 
respectively, allowed only for A = 4. Because of species number TCvr made by different species are 
stable and since they have hypercharge and/or color, they are excluded by DM direct search bounds. 
We need ad hoc assumptions to break the accidental symmetry and make them unstable. The lists of 
TCvr for the G © A and G © A models respectively are: 

TCvr : 44 = Iq © 2 x 8o © 27o (143) 

TCvr: 54 = lo ,±2 © 8o,±i © 27o under SU(3)c ® U(l)y . (144) 

In both cases, the DM candidate is a singlet, in the first model it is made by GG(GG + AA), in the 
second by (GG + EE)"^. Here we present the decomposition under SU(3)c © U(l)y of the heavier 
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TCb multiplet for the G (B N and G (B E models respectively: 


TCb : 
TCb : 


495 — lo©4x8o©6x 27o © 64o © ^2 x IOq © 28o © 2 x 35o © h.c^ (145) 
770 = 2 X lo © 8±2,3 x(±i),o ® 27^2, 2x(±i),4x0 ® 64o © ^10±i^2xo © 28o 
©35±i,o © h.c.^ . (146) 
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